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I 
GENERAL ABSTRACT 
Avian species are known to have the capacity to respond to environmental changes through 
physiological adjustments. The process whereby organisms adjust their phenotype without 
genetic change is termed phenotypic plasticity and it is mostly observed to be a phenotypic 
improvement to ecological challenges. Metabolic rate (MR), which is the rate of energy 
expenditure in a species, is a highly flexible physiological parameter which results in a great 
diversity of avian standardised metabolic rates. Like birds from high latitudes, Afrotropical 
bird species are expected to have the capacity to adjust their energy expenditure to match 
the availability of resources. Previous studies on the flexibility of physiological parameters in 
birds have focused on the magnitude of change of physiological adjustments and the cues 
inducing these changes. Comparative research has furthermore investigated metabolic rates 
across aridity, altitude, latitude and temperature gradients. Recently, a clear dichotomy has 
become evident with elevated metabolic rates observed in high latitude birds in winter and a 
down-regulation of metabolic rates observed in birds exposed to low latitude mild winters. In 
this study, the shape of the reaction norm, the magnitude, the reversibility, the direction and 
the rate of change of two physiological parameters, basal metabolic rate (BMR) and summit 
metabolic rate (Msum), were investigated in a coastal and an inland population of Southern 
Red Bishops (Euplectes orix) through seasonal acclimatisation and laboratory acclimation. 
Summer and winter basal metabolic rates as well as body mass, were highly flexible traits in 
free-ranging coastal and inland Red Bishops. Birds acclimatised to a mild coastal climate in 
winter exhibited reduced basal and summit metabolic rates, whereas birds originating from a 
more variable inland climate increased basal metabolic rate in winter, but did not show 
increases of Msum in winter. Red Bishops responded to short term thermal acclimation under 
laboratory conditions by gradually changing body mass. Acclimation periods of 21 days 
revealed a negative relationship between body mass and acclimation air temperature. Peak 
responses of basal metabolic rate to ambient temperature change were observed in both 
coastal and inland birds between two and eight days after the change in acclimation air 
temperature. The influences of seasonal acclimatisation on energy expenditure differed 
between coastal and inland birds, however, during laboratory acclimation individuals from 
the two populations showed no difference in response. Within the individuals of the coastal 
and inland Southern Red Bishops, phenotypic flexibility is observed in body mass, basal 
metabolic rate and summit metabolic rate as a response to environmental changes. This 
flexibility is thought to increase thermoregulatory capacities of the Southern Red Bishop in 
different habitats and climates. 
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CHAPTER 1. GENERAL INTRODUCTION 
1.1. Phenotypic plasticity of metabolic rates 
The rate at which organisms use energy is influenced by a variety of ecological and 
evolutionary factors (Bennett 1991; McNab 2009; Swanson 2010). These factors include 
body mass (Klaassen et al. 2004; Vézina et al. 2011), phylogeny (White & Seymour 2004; 
Jetz et al. 2008), zoobiogeography (Dawson et al. 1983; Rogers et al. 1993; O'Connor 1996; 
Canterbury 2002), adaptation through natural and sexual selection (Williams & Tieleman 
2005) as well as phenotypic plasticity (McKechnie et al. 2006). A great diversity exists in 
avian standardized metabolic rates. Of the above-mentioned factors that contribute to 
metabolic rate diversity, phenotypic plasticity has only recently emerged as a contributing 
factor to physiological diversity (Piersma & Drent 2003).  
Phenotypic plasticity is the process whereby a species with the same genotype develops 
different phenotypes, usually when distributed in different environments (Schlichting & 
Pigliucci 1998). It can be expressed in several forms including short term reversible changes 
in an organism (phenotypic flexibility with the subcategory ‘life-cycle staging’) or as a long-
term irreversible change due to the organisms development (developmental plasticity with 
the subcategory ‘polyphenism’) (Piersma & Drent 2003; McKechnie et al. 2006). Unlike 
developmental plasticity and polyphenism, phenotypic flexibility and life-cycle staging are 
reversible processes where variation occurs within individuals (Piersma & Drent 2003). 
Phenotypic flexibility of metabolic rate is thought to be a mechanism for organisms to adapt 
to changing environments (Bradshaw 2006).  
1.2. An overview of research on energy expenditure in avian species 
Energy expenditure in birds and the rate at which they use it influences their fitness and is 
expected to affect their physiology, behaviour, ecology and evolution (McKechnie & Swanson 
2010). This rate of energy use is often measured as some form of standardized metabolic 
rate parameter which is interpreted as reflecting the overall pace of life (Wikelski et al. 2003). 
Basal metabolic rate (BMR) represents the lower limit of endothermic heat production and 
can only be measured when additional heat production from thermoregulation, digestion, 
activity or circadian rhythms is absent (McKechnie & Wolf 2004). It is a baseline parameter 
that represents maintenance energy demands (Schmidt-Nielsen 1997). At the higher end of 
the energy utilization spectrum is summit metabolic rate (Msum). Msum is the maximum resting 
metabolic rate as a consequence of increased heat production which occurs as ambient 
temperature levels decrease below the lower critical tolerance level of a species (Dutenhoffer 
& Swanson 1996). It can be determined by measurement of oxygen consumption during a 
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ramping thermal regime with a decrease in cold exposure (sliding cold exposure regime) 
(Liknes et al. 2002). 
Seasonal adjustment of BMR is an example of phenotypic flexibility which is demonstrated 
by non-migrant birds that show an increase in their BMR during cold winters (McKechnie 
2008). Some free ranging birds adjust their BMR over relatively short timescales, however 
these phenotypic adjustments have only been investigated in a few studies which do not 
allow for the appreciation of the true nature of the range of BMR values that can be produced 
by a single genotype (McKechnie et al. 2006). For example, Vézina et al. (2006) examined 
the BMR of wild-caught migratory Red Knots (Calidris canutus) in relation to seasonal 
temperature variation. In this species, BMRs varied between seasonal thermal environments. 
It was suggested that body mass (Mb) and BMR are elevated in winter due to the increase in 
energy expenditure and consequently the increased demand for thermoregulation (Vézina et 
al. 2006). In fiscal shrikes (Lanius collaris), higher metabolic rates were observed at low 
altitudes compared to those measured at high altitudes, due to a low habitat productivity at 
high altitudes (Soobramoney et al. 2003). In a recent study, Smit & McKechnie (2010) found 
evidence that suggests that at lower latitudes, BMRs are lower in winter than in summer, 
whereas the opposite is true for birds residing at higher latitudes. As evidenced by the 
aforementioned studies, attempts to explain diversity of avian metabolic rate have focused 
on variation among species from diverse ecological backgrounds. Ideally, more studies 
should focus on intraspecific variation of physiological traits amongst individuals (Tieleman et 
al. 2003a). Furthermore, species with a wide geographical distribution are expected to inhabit 
different environments, therefore it is unlikely that species with same phenotype can maintain 
a high fitness in all conditions (Tieleman et al. 2003a). 
BMR and Msum are the minimum and maximum resting metabolic rates respectively, which 
are often measured as oxygen consumption (VO2) of a post-absorptive, non-growing, non-
reproductive organism, during the inactive phase of the daily cycle (McNab 1997). A 
comparison of BMR and Msum in summer- and winter-acclimatized animals as well as in 
response to short term thermal acclimation has the potential to reveal the degree of 
phenotypic plasticity, in terms of direction, magnitude and reversibility. Although not directly 
mediated by heritable change, it is thought that reversible changes in individuals could be 
under the influence of natural selection (Tieleman et al. 2003a; Cavieres & Sabat 2008; 
Maldonado et al. 2009). In the present study the definition of Withers (1992) was followed 
with acclimation referring to the process of physiological responses to altered environmental 
conditions in the laboratory and acclimatisation as the process of physiological responses to 
alterations in the natural environment.  
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1.3. Rationale 
The contribution of phenotypic plasticity to avian metabolic rate diversity, particularly in 
response to environmental changes, is not fully understood (McKechnie et al. 2006). 
Previous studies in the Southern hemisphere have investigated the capacity for metabolic 
adjustment of birds in the laboratory and under natural conditions (McKechnie et al. 2007; 
Smit & McKechnie 2010). Other studies in the Southern hemisphere have compared different 
species across an aridity gradient (Williams & Tieleman 2000; Tieleman et al. 2003b). 
However, only a few studies have focussed on intra-individual flexibility of metabolic rate 
across a temperature gradient (Chetty 2006). The dichotomy of the basal metabolic values 
between high and low latitude bird species has only recently been discovered and emphasis 
is now placed on the need for increased investigation of metabolic rate in Southern 
hemisphere bird species. Furthermore, intraspecific phenotypic correlation between BMR 
and Msum is still poorly understood (McKechnie & Swanson 2010). Moreover, as yet, summit 
metabolism in an Afrotropical bird species remains un-reported.  
1.4. Objectives and aim 
Due to their small body size, a diurnal lifestyle and no pattern of seeking shelter from 
extreme temperatures, small birds are expected to show profound physiological adaptation 
and serve as excellent models with which to investigate physiological diversity (McKechnie & 
Wolf 2009). The aim of this study was therefore to test the shape of BMR reaction norm, 
magnitude, reversibility, direction and rate of change (phenotypic plasticity) of two 
physiological parameters, basal metabolic rate and summit metabolism in a widely 
distributed small, diurnal bird species across a temperature gradient. In this study, individuals 
from two bird populations experiencing different seasonal ambient temperature profiles were 
used, a coastal population which experiences relatively mild temperature fluctuations in daily 
and seasonal cycles and an inland population where the climate is characterized by more 
variable temperature extremes. It was hypothesised that:  
I. Southern Red Bishops will show seasonal variation (plasticity) in BMR and Msum. 
II. The magnitude of plasticity of BMR and Msum in response to short term thermal 
acclimation will be higher in individuals from the inland population. 
III. The shapes of BMR and Msum reaction norms differ between individuals from the two 
populations.  
IV. BMR will increase with a decrease in acclimation air temperature and the direction of 
change will be similar in individuals from the two populations. 
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1.5. Study species 
The model species for this study is a small, diurnal bird species with a wide geographical 
distribution. Southern Red Bishops (Euplectes orix) are non-migrating weaverbirds (Family: 
Ploceidae) that live near rivers and water bodies where they build their nests in reeds (Friedl 
2004). These nests are however solely used for breeding purposes and not for roosting. The 
Red Bishop is a small bird with an adult body mass ranging from 13 to 45 grams (Prager et 
al. 2008). The birds are colonial and are widely distributed over sub-Saharan Africa (Hockey 
et al. 2005). The short conical bill indicates a diet of primarily grass seeds (Oberprieler & 
Cillié 2008). The Red Bishop is a species that is often chosen for studies on male mating 
success due to its polygynous lifestyle. Breeding males have a black forecrown, face and 
throat, and the rest of the head, the lower belly and the rump are orange-scarlet (Maclean 
1993). Non-breeding males, females and juveniles are similar in colour with brown on the 
breast and flanks and dark brown on the wings and tail (Maclean 1993). Females choose 
their mating partners according to male displays and nest structure (Friedl & Klump 1999). 
The black bill indicates the breeding condition of the adult male Red Bishop in nuptial 
plumage (Friedl 2004). Red Bishops are listed as least concern on the IUCN red list of 
threatened species (www.iucnredlist.org). 
Female, adult Southern Red Bishops, identified by plumage colouration, gape colour, wing 
length, tarsus length and body mass (Craig & Manson 1981), were found suitable for this 
study, since the most conformity in energy usage amongst the female, non-reproductive 
adult birds was expected. The small body size and diurnal nature of the Red Bishop renders 
this species as an excellent model with which to examine responses to thermal changes. 
Furthermore, the Red Bishop is widely distributed in southern Africa and thus experiences a 
diverse range of climates, ranging from inland areas characterized by cold nights and hot 
days to the mild, less challenging climate in coastal areas. As predicted by the climatic 
variability hypothesis by Stevens (1989) these characteristics suggest that a degree of 
phenotypic plasticity will be exhibited by this species and that this study may reveal the 
shape of BMR reaction norm, magnitude, reversibility, direction and rate of change of the 
physiological parameters. 
1.6. Study sites 
The selection of study sites was of crucial importance, as detecting phenotypic flexibility of 
metabolic rates in the Southern Red Bishop was the main focus of this study. Besides 
variability in habitats there were other factors influencing the choice of site such as logistics, 
distance to the base laboratory and availability of a bird capturing expert. There was a need 
for a field laboratory to be assembled within close vicinity of a large population of Red 
Bishops. This allowed for birds that were held in temporary captivity during metabolic rate 
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measurements to experience temperature and daily light cycles similar to those in the field. 
In terms of distance between the study site and the laboratory, transport time needed to be 
minimised for the group of 30 birds that participated in the acclimation experiments. In order 
to capture the birds with mist-nets, assistance was required from a SAFRING (South African 
Bird Ringing Unit) licenced bird ringer having permission to capture birds. For statistical 
reasons different individuals were used for the summer and winter season, which was 
guaranteed by the provision of individual identification rings to the birds. Therefore it was 
best to choose sites where regular ringing occurred. Coastal and inland sites with at least a 
10°C difference in the minimum winter (July) temperature were selected (Figure 1.1). For the 
coastal site A Red Bishop population which experienced small differences in daily and 
seasonal temperatures was selected in the coastal city of Port Elizabeth and the inland sites 
with more variable daily and seasonal temperature differences were selected in Aliwal North 
and Barkly East, Eastern Cape, South Africa (Figure 1.2). The temperature gradient 
represents the mean minimum temperatures in July (winter) and has been classified 
according to natural breaks (Hijmans et al. 2005).  
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Figure 1.1 Mean daily minimum temperatures for the coastal and inland study sites, Port Elizabeth, 
Aliwal North and Barkly East. Error bars represent standard error (South African Weather Service; 
Unpublished Data, 2005-2011). 
1.6.1 Port Elizabeth 
The coastal study site was located in the Kragga Kamma suburb of Port Elizabeth, Eastern 
Cape, South Africa (33.982S 25.498E, 175 m.a.s.l.) (Figure 1.2). Birds from this site were 
collected from a small wetland, with a catchment area of 1500 m2. The wetland was 
characterised by very shallow water levels dependent on precipitation influx (~ 30 cm deep) 
and reeds (Phragmites australis) providing the habitat for the Red Bishop population. 
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1.6.2 Aliwal North  
The inland study area was situated in the north of the Eastern Cape bordering the Free State 
province in the town of Aliwal North, South Africa (30.706S 26.724E, 1300 m.a.s.l.) (Figure 
1.2). The summer study site was in close proximity to a large dam covering an area of 0.9 
km2 at the Aliwal Spa Reserve. The wetland was surrounded by numerous reed beds and the 
region was characterised by hot sulphur springs. In the winter season birds were collected 
from a farm property, 3 km away from the summer study site which is assumed to be used 
for roosting and breeding. Red Bishops captured at this site participated in the seasonal 
acclimatisation study in chapter 2. 
1.6.3 Barkly East  
The inland study area was situated in the north of the Eastern Cape province close to the 
Drakensberg Mountains in the town of Barkly East, South Africa (30.977S 27.595E, 1795 
m.a.s.l.) (Figure 1.2). A municipal dam surrounded by a wetland covered with reed beds 
situated to the south of the town was chosen as the study site. Red Bishops captured at this 
site participated in the short term thermal acclimation study in chapter 3 and 4. 
 
Figure 1.2 The location of the study sites within the Eastern Cape, South Africa, showing the July 
(winter) mean minimum temperature gradient (Hijmans et al. 2005). 
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1.7. Methods of metabolic rate measurement 
Metabolic rates were measured indirectly as oxygen consumption (VO2) using an open-flow 
respirometry system (Sable Systems, Las Vegas, USA) with an air pull-through system for 
the BMR measurements and a helox push-through system for the Msum measurements. 
Helox gas (21 % O2, 79 % He) has the advantage of increasing thermal conductance, 
allowing measurements to take place at moderate ambient temperatures (Swanson et al. 
1996). A portable gas analysis system was used for the field study (chapter 2) and a 
complete laboratory based gas analysis system was used for the laboratory acclimation 
experiments (chapters 3&4). Animal chambers for VO2 and VO2sum measurements were 
constructed using 1.9ℓ airtight plastic containers, fitted with wooden perches.  
Prior to metabolic rate measurement the body mass of each bird was recorded with a Pesola 
spring balance (0-50 g with 0.5 g gradations). Oxygen consumption was measured for each 
individual bird placed in identical metabolic chambers in a cabinet which was temperature 
controlled by a waterbath (model FRB22D, LASEC, South Africa). Atmospheric air (BMR 
measurement) or helox (Msum measurement) was drawn through the metabolic chambers 
past the animals. The excurrent air was pulled through a Whatman filter by a pump (MFS-2, 
Sable Systems, USA) and flow controller and via a manifold (which serves as an outlet to 
release excess pressure) into a RM-8 Multiplexer. The multiplexer follows a computer 
program and systematically switches between the different channels coming from the 
different animal chambers. From here the air was passed through a relative humidity meter 
(RH-300, Sable Systems, USA) which determined the volume of water in the exhaled air and 
through a silica gel filled scrubber intended to remove water vapour, prior to carbon dioxide 
analysis (CA-10a, Sable Systems, USA). Thereafter the air was scrubbed with soda lime to 
extract CO2 and an additional silica gel scrubber before entering the oxygen analyser (FC-
10a, Sable Systems, USA).  
The presence of water vapour in the air changes the flow rate (FR). The correction to 
account for the presence of water vapour was done using the equation:  
FRሺୡ୭୰୰ୣୡ୲ୣୢሻ	ୀ				FRሺ୫ୣୟୱ୳୰ୣୢሻ				 ቀሺ஻௉ିௐ௏௉ሻ஻௉ ቁ  
where BP is the barometric pressure and WVP is the water vapour pressure. Although this 
correction was required for the laboratory measurements, the field metabolic measurements 
employed an extra water-vapour scrubber to remove the water-vapour before the flow rate 
was measured and therefore flow rate corrections were not necessary. Expedata software 
(v1.1.18, Sable Systems) was used to analyse oxygen percentage present in the air and to 
correct for drift and fluctuations in the flow rate with the following equation: 
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With FR being the corrected flow rate adjusted for water vapour and barometric pressure, 
FiO2 being the reference baseline or the fractional amount of oxygen present in the incurrent 
air stream and FeO2 being the fractional amount of oxygen present in the excurrent air stream 
coming from the animal chamber (Withers 1977). 
The portable respiratory system used in the field, allowed for the measurement of BMR for 
two birds simultaneously and the laboratory respiratory system allowed for the measurement 
of BMR of four birds simultaneously. Msum measurements allowed for only one measurement 
at a time. Air temperature within the reference respirometry chamber was measured with 
temperature sensitive dataloggers (Thermochron iButton® DS 1922L, Maxim, Sunnyvale, 
CA, U.S.A., resolution = 0.0625°C). The iButtons were calibrated in a temperature-controlled 
water bath (model FRB22D, LASEC, South Africa), with the use of a digital thermometer 
(TopTronic T235H, resolution = 0.1°C). 
1.7.1 BMR measurements 
Resting metabolic rates (RMR) measured as oxygen consumption (VO2) were initially 
determined from four individuals at a series of air temperatures (10, 15, 20, 25, 28, 30, 32, 35 
and 38°C) in post-absorptive condition during the inactive phase (sunset to sunrise) to 
determine the lower critical limit of thermoneutrality (Tlc) within the thermoneutral zone (TNZ). 
During the field-based study, additional birds were caught only after the Tlc was determined 
thereby minimising captivity periods of the birds (chapter 2). The Tlc values were calculated 
as the intercept of the regression line of VO2 as a function of Ta with the mean BMR 
calculated from the lowest metabolic rate values. The BMR measurement consisted of three 
cycles, whereby O2 consumption was measured for ten minutes per individual, starting and 
ending with a ten minutes measurement of the empty reference chamber serving as a 
baseline measurement. The birds were placed in the chambers in the temperature cabinet 
during the resting phase and 30 minutes prior to measurements to secure measurement 
during the birds’ inactive phase. The VO2 data of the first cycle of measurements were 
always discarded and analysis of BMR included one third of 20 minutes of the mean 
minimum oxygen consumption per individual. This selective method for data analysis was 
chosen in order to include only the absolute minimum VO2 as a measurement of BMR. 
1.7.2 Msum measurements 
The maximum cold-induced oxygen consumption (summit metabolism or VO2sum) was 
determined via measurement of oxygen consumption in a helium-oxygen (helox) atmosphere 
following the static cold exposure method by Swanson et al. (1996). Summit metabolism was 
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measured for a subsample of three birds across a range of four temperatures (5, 8, 10 and 
15°C) in post-absorptive condition in the active phase to determine the cold limit (Tcl). The 
cold limit was established as the air temperature at which the birds consumed the most 
oxygen in the helox atmosphere. When Msum values were not significantly different between 
two of the temperatures within the range, the highest air temperature was selected as the Tcl. 
A further decrease of the Tcl would not lead to a direct significant increase in oxygen 
consumption. Body temperatures (Tb) were measured with the use of a thermocouple 
(TopTronic T235H, resolution = 0.1°C) by inserting the probe approximately 5mm into the 
cloaca until temperature readings stabilised. Tb measurements were taken before and 
<20sec after each VO2sum measurement. Hypothermia in birds during measurements was 
detected by a steady decline in oxygen consumption and birds with a Tb <37°C were 
considered hypothermic (Swanson et al. 1996). Once detected, hypothermic birds were 
immediately removed from the chamber. Hypothermia in birds was undesirable, because in 
this study it resulted in lower Msum values. Individuals were measured for a maximum period 
of 40 minutes, as the absolute maximum VO2sum was detected within this period of time. 
VO2sum data were analysed as one third of 40 minutes of the mean maximum oxygen 
consumption. 
1.8. Dissertation structure 
This dissertation is divided into five chapters. Chapter 1 provides a general introduction with 
a review of the literature and a detailed description of the study species, study sites and 
methods of metabolic rate measurement that are overlapping across the chapters. Chapter 2 
covers the study on seasonal variation of physiological parameters in free-ranging Red 
Bishops. Chapter 3 covers the study on the magnitude of plasticity with regards to short term 
thermal acclimation and chapter 4 includes the specific aspects of the temporal dynamics of 
Mb and BMR during acclimation. The final chapter provides an overall conclusion of the 
study. The dissertation has been presented in this format in order to facilitate publication of 
the work, aiming for as little repetition as possible. All references cited are presented at the 
end of this dissertation and are formatted according to the style of the Journal of African 
Zoology. 
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CHAPTER 2. SEASONAL CHANGES IN METABOLIC RATES OF INDIVIDUALS 
FROM TWO POPULATIONS OF SOUTHERN RED BISHOPS 
 
2.1. Abstract 
Small, non-migrating birds with a wide geographical distribution have the capacity to reside in 
a multitude of habitats through physiological, morphological and behavioural adjustments. 
These adjustments can be variable within individuals of a species and are influenced by 
environmental conditions. This study compared seasonal changes in basal metabolic rate 
(BMR) and summit metabolic rate (Msum) of the Southern Red Bishop (Euplectes orix) from 
two climatically different locations in the Eastern Cape, South Africa. Individuals from both 
populations significantly increased body mass in winter (coastal 10.1% and inland 17.9%). 
The coastal population significantly decreased mass-specific BMR by 15.0% in winter, while 
a significant 30.7% increase of mass specific BMR was observed in winter in the inland birds. 
A significant 14.5% decrease was found for Msum in the coastal population in winter, whereas 
no change occurred in the inland population. The outcome of this study reiterates that avian 
body mass, basal metabolism and summit metabolism are highly flexible traits that can be 
altered in response to seasonal environmental changes, and moreover the direction and 
magnitudes of these physiological changes vary among populations. 
Keywords: Phenotypic flexibility, Euplectes orix, free-ranging, basal metabolic rate, summit 
metabolic rate. 
2.2. Introduction 
Avian metabolic rates vary widely between and within species. The rate at which birds use 
energy influences their fitness and is expected to reflect their physiology, behaviour, ecology 
and evolution (McKechnie & Swanson 2010). In the past, standardized metabolic rates such 
as basal metabolic rate and summit metabolic rate were considered species specific 
physiological parameters. However, phenotypic plasticity is increasingly being recognized as 
a major source of avian metabolic rate diversity, along with factors such as body mass, 
phylogenetic position, and adaptation (Withers & Williams 1990; Bakken et al. 1991; 
Swanson 1991; Williams & Tieleman 2000; Cooper 2002; Barnosky et al. 2003; Tieleman et 
al. 2003b; Lane et al. 2004; Rezende et al. 2004; Tieleman et al. 2004; Arens & Cooper 
2005; Williams & Tieleman 2005; McKechnie et al. 2006; Muñoz-Garcia et al. 2007; 
Chamane & Downs 2009; McKechnie & Swanson 2010; Vézina & Salvante 2010).  
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Attempts to explain avian metabolic rate diversity have previously focused on variation of 
species from diverse ecological backgrounds, but only few studies have focused on the 
intraspecific variation in physiological phenotypes amongst individuals (Tieleman et al. 
2003a; Smit & McKechnie 2010). One category of phenotypic plasticity is phenotypic 
flexibility, which is a reversible process whereby individuals adjust phenotypic traits over 
short time scales (as opposed to development plasticity, which involves non-reversible 
plasticity during development) (Piersma & Drent 2003). Flexible phenotypes have been 
shown to be advantageous to small endothermic vertebrates that inhabit environments with 
challenging conditions (Piersma & Lindström 1997; Przybylo et al. 2000; Cavieres & Sabat 
2008; Vézina & Salvante 2010; Liknes & Swanson 2011). One such phenotypic trait, of 
particular interest in the present study, is metabolic rate. Most studies focus on basal 
metabolic rate (BMR), which represents the maintenance energy demands of an organism, 
whereas other physiological parameters such as summit metabolism (Msum), maximum 
metabolic rate (MMR) and field metabolic rate (FMR) represent the cold induced, the 
exercise induced and the free-ranging metabolic rate respectively (McKechnie & Swanson 
2010). 
BMR and Msum are the two physiological parameters investigated in this study. They 
represent the lower and higher limits of resting metabolism in normothermic endotherms, 
revealing the shape of the reaction norm when tested across a series of ambient 
temperatures (McKechnie & Swanson 2010) the reaction norm being the range of the 
phenotypic trait values of a single genotype (Schlichting & Pigliucci 1998). Relatively more 
information is available on flexibility of BMR, especially in the form of seasonal changes in 
avian BMR. Seasonality is an ecological factor that requires a behavioural or physiological 
response which is often related to energy expenditure (McNab 2009). A comparison of BMR 
and Msum in summer- and winter-acclimatized animals can reveal the degree of phenotypic 
flexibility (McKechnie & Swanson 2010). BMR represents minimum maintenance energy 
requirements of an organism at rest, whereas the maximum cold induced metabolic rate 
value (Msum) is an indicator of the cold tolerance of a species and is found to be high in bird 
species that are exposed to low winter temperatures (Swanson & Garland 2009). 
Smit & McKechnie (2010) found that seasonal adjustments of avian BMRs vary with 
temperature and latitude. Numerous Holarctic birds up-regulate both BMR and Msum in winter, 
thereby facilitating thermoregulation during cold conditions (Pohl & West 1973; Dawson & 
Carey 1976; Southwick & Southwick 1980; Wijnandts 1984; Swanson 1991; Cooper & 
Swanson 1994; O'Connor 1995; Liknes & Swanson 1996; Cooper 2002; Zheng et al. 2008). 
This is however not the case for those bird species residing in subtropical regions 
characterised by mild winter temperatures. Relatively few studies have compared avian 
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seasonal metabolic rates in subtropical species, but those that have generally demonstrated 
down-regulation of basal metabolic rate in winter conditions (Maddocks & Geiser 2000; Lill et 
al. 2006; Bush et al. 2008b; Doucette & Geiser 2008; Maldonado et al. 2009; Smit & 
McKechnie 2010). The winter reductions in BMR likely reflect a lack of the requirement for 
high thermogenic capacity in tropical environments (Wiersma et al. 2007b). In contrast to 
BMR, virtually nothing is known about seasonal adjustments in Msum in species from tropical 
and subtropical latitudes. 
The aim of this study was to investigate seasonal metabolic adjustments in the Southern Red 
Bishop (Euplectes orix), a passerine species captured from a coastal site with mild seasonal 
temperature variations as well as from an inland site experiencing greater seasonal 
temperature variations. It was hypothesised that Southern Red Bishops exhibit seasonal 
variation (plasticity) in BMR and Msum, and that the shape of the BMR and Msum reaction 
norms will be steeper for individuals from the inland population. 
2.3. Materials and methods 
2.3.1 Field collection  
Field studies were undertaken during the austral summer (January) and winter (July) in 2011 
at both coastal and inland climate locations of which a detailed description is given in chapter 
1. Although both populations occurred within the Eastern Cape of South Africa, one 
population was sampled from a mild climate, coastal site and the other from a more variable 
inland site, some 380 km apart and with an altitudinal difference of 1125 m. In summer 17 
individuals were captured at the coastal site and 14 individuals at the inland site. In winter 
sample size was 18 individuals from the coastal site and 18 individuals from the inland site. 
Ambient temperatures are considerably different between the two sites and according to 
season (Table 2.1). Winter ambient temperatures decrease below freezing point at the inland 
site during the months May, June, July and August.  
Table 2.1 Mean minimum, maximum daily temperatures (°C) for summer (January) and winter (July) 
season for Port Elizabeth and Aliwal North populations of Southern Red Bishops (mean ± SE). The 
column 'diff' represents the difference between minimum and maximum temperatures (South African 
Weather Service; Unpublished Data, 2005-2011).  
 
Summer temperatures (°C) Winter temperatures (°C)
min max diff min max diff
Coastal (Port Elizabeth ) 17.4±0.1 25.5±0.3 8.2 8.3±0.2 20.5±0.4 12.2
Inland (Aliwal North ) 14.5±0.3 30.4±0.5 16.0 -2.8±0.4 18.0±0.5 20.8
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The study animals were captured with mist-nets and were tagged with individual identification 
rings. Female, adult Southern Red Bishops, identified by plumage colouration, gape colour, 
wing length, tarsus length and body mass, were used for the study (Craig & Manson 1981). 
All birds used for the study were transported to the on-site field laboratory station. Metabolic 
measurements took place within a 70 ℓ cooler box which served as insulated environmental 
chamber, with copper tubing on the inside, through which temperature-controlled water was 
pumped, and a fan for air circulation inside the environmental chamber. BMR and Msum 
measurements and determination of the lower critical limit of thermoneutrality (Tlc) and the 
cold limit (Tcl) occurred following the methods explained in chapter 1. 
2.3.2 Data analysis 
All statistical analyses were conducted using the Statsoft (2011) analysis program. Body 
mass, BMR and Msum data were tested for normality using the Shapiro-Wilk test and 
homogeneity of variance was assessed using the Levene’s test. Relationships were 
investigated using linear regressions,  whilst differences were tested using ANOVA and post-
hoc tests (Tukey)(StatSoft 2011). All significance levels were set at P<0.05. Due to a 
significant difference of body mass between seasons, the metabolic rate parameters were 
calculated body mass specifically. 
2.4. Results 
2.4.1 Body mass 
Within each season, no significant difference (P>0.05) in body mass was detected between 
individuals from the coastal and inland population. However, for both populations body mass 
was significantly different between seasons (Table 2.2).  
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Table 2.2 Seasonal body mass (Mb), mass-specific (MS) and whole-animal (WA) metabolic parameters of 
Southern Red Bishops (Euplectes orix) from Port Elizabeth and Aliwal North, South Africa. All values are 
presented as mean ± SE (n) Sample sizes are given in parentheses. The F-ratio and probability is 
estimated from an analysis of variance (ANOVA) comparing each parameter value between summer and 
winter.  
 
Southern Red Bishops of both populations showed a significant increase in body mass 
during the winter season. The extent of increase differed between populations with the 
coastal birds increasing their body mass by 11.2 ± 2.43% whilst the inland birds increased 
their body mass by 21.7 ± 1.65% in winter.  
2.4.2 Basal metabolic rate 
The Tlc value indicates the lowest temperature within the thermoneutral zone (TNZ) whereby 
the birds consume the least oxygen. BMR measurements took place at air temperatures 
resembling those of the Tlc values. Tlc is calculated from the slope and the intercept of the 
linear relationship between RMR values and the series of nine ambient air temperatures. Tlc 
values differed between season and between populations (Table 2.3). 
Summer Winter F P
Coastal (Port Elizabeth)
Mb (g) (BMR) 21.03 ± 0.52 (17) 23.84 ± 0.74 (18) F 1,33  = 9.36 0.00
Mb (g) (Msum) 20.42 ± 0.46 (17) 22.25 ± 0.65 (18) F 1,33  = 5.23 0.03
MS BMR (ml O2 hr
-1 g-1) 2.68 ± 0.11 (17) 2.28 ± 0.08 (18) F 1,33  = 8.46 0.01
MS Msum (ml O2 hr
-1 g-1) 19.86 ± 0.49 (17) 16.98 ± 0.80 (18) F 1,33  = 9.20 0.00
WA BMR (ml O2 min
-1) 0.93 ± 0.04 (17) 0.90 ± 0.04 (18) F 1,33  = 0.38 0.54
WA Msum (ml O2 min
-1) 6.72 ± 0.13 (17) 6.19 ± 0.21 (18) F 1,33  = 4.40 0.04
Inland (Aliwal North)
Mb (g) (BMR) 19.92 ± 0.50 (14) 24.10 ± 0.44 (18) F 1,30  = 38.95 0.00
Mb (g) (Msum) 19.88 ± 0.55 (11) 24.36 ± 0.50 (18) F 1,27  = 33.87 0.00
MS BMR (ml O2 hr
-1 g-1) 2.38 ± 0.12 (14) 3.12 ± 0.09 (18) F 1,30  = 23.90 0.00
MS Msum (ml O2 hr
-1 g-1) 19.32 ± 1.27 (11) 18.17 ± 0.50 (18) F 1,27  = 0.96 0.34
WA BMR (ml O2 min
-1) 0.79 ± 0.04 (14) 1.25 ± 0.04 (18) F 1,30  = 59.97 0.00
WA Msum (ml O2 min
-1) 6.36 ± 0.39 (17) 7.33 ± 0.14 (18) F 1,27  = 7.48 0.01
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Table 2.3 Tlc (°C), TNZ (°C) and Tcl helox (°C) in summer and winter for Southern Red Bishops (Euplectes 
orix) from Port Elizabeth and Aliwal North, South Africa (mean ± SE, n = 4 (n = 3 for Tcl)). 
 
A clear shift was seen in the Tlc value for the inland population between the summer and 
winter season. This seasonal shift in Tlc was absent in the coastal population. Individuals 
from the coastal Red Bishop population showed a significant decrease in basal metabolic 
rate in winter (15.0%), when compared to summer. This was in contrast to the inland 
population, which up-regulated their BMR by 30.7% in winter (Figure 2.1). 
BMR Msum
Body mass (g)
19 20 21 22 23 24 25
V
O
2 
(m
l O
2 
g-
1 h
-1
)
2.2
2.4
2.6
2.8
3.0
3.2
Body mass (g)
19 20 21 22 23 24 25
16
18
20
22
Summer Coastal
Summer Inland 
Winter Coastal
Winter Inland
 
Figure 2.1 Mean mass specific basal metabolic rate and mean mass specific summit metabolic rate (ml 
O2 g-1 h-1) measured in summer and winter for Southern Red Bishop (Euplectes orix) from Port Elizabeth 
and Aliwal North, South Africa. Error bars represent standard error. 
2.4.3 Summit metabolic rate 
The Tcl values indicate the highest air temperature whereby the birds consumed the most 
oxygen (Table 2.3). The air temperatures whereby cold induced oxygen consumption 
measurements were undertaken in the helox atmosphere resemble those of the Tcl values. 
Incidents of birds becoming hypothermic occurred for five birds of the inland location during 
the summer season. 
Msum was 14.5% lower in winter as compared to summer for coastal birds (Figure 2.1). 
However, no significant change was found for the inland population between the seasons. 
T lc (°C) TNZ (°C) T cl helox (°C)
Coastal (Port Elizabeth)
Summer 30.28 ± 2.90 ~ 30 - ~ 35 6.71 ± 0.06
Winter 30.69 ± 4.48 ~ 30 - ~ 35 6.87 ± 0.11
Inland (Aliwal North)
Summer 24.61 ± 0.71 ~ 24 - ~ 28 8.67 ± 0.50
Winter 32.44 ± 0.85 ~ 32 - ~ 34 7.69 ± 0.18
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Mass specific Msum values which are a measure for the maximum thermogenic capacity were 
7.4 fold higher than BMR values in summer and 7.5 fold higher than BMR in winter for the 
coastal birds. The Msum values for inland birds were 5.8 fold BMR in winter and 8.1 fold BMR 
in summer. 
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Figure 2.2 Relationship between mass-specific winter and summer basal metabolic rate (BMR) and mean 
daily ambient temperature in winter for the present study in comparison with BMR data obtained from 
similar studies from different latitudes. References: (Pohl 1971; Pohl & West 1973; Rising & Hudson 1974; 
Dawson & Carey 1976; Weathers & Caccamise 1978; Southwick & Southwick 1980; Wijnandts 1984; Swanson 
1991; Cooper & Swanson 1994; O'Connor 1995; Liknes & Swanson 1996; Swanson & Weinacht 1997; Cooper 
2000; Lill et al. 2006; Bush et al. 2008b; Doucette & Geiser 2008; Zheng et al. 2008; Maldonado et al. 2009; Smit 
& McKechnie 2010). 
The present data were compared with seasonal BMR data from avian species from different 
latitudes across a range of mean daily ambient temperatures in winter (McKechnie 2008). 
Winter / summer BMR ratios above the value of 1.0 indicate an increase of the BMR in 
winter. The coastal birds conformed to what was expected from subtropical birds (Figure 
2.2). On the contrary, the inland birds from the present study resembled BMR ratios of those 
of higher latitude birds.  
2.5. Discussion 
This study has revealed a significant, seasonal change in body mass in both populations of 
Southern Red Bishops. There is also a prominent difference in the seasonal response of the 
physiological parameters between coastal and inland birds. The coastal Red Bishops 
decrease BMR in winter, whereas the inland Red Bishops increase BMR in winter. The 
coastal population decreases the Msum in winter, however there is no seasonal difference in 
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Msum for the inland population. The difference in body mass between seasons, found in both 
coastal and inland populations in the present study, is not an uncommon finding for 
endothermic vertebrates (Dawson & Marsh 1986; Rogers et al. 1993; O'Connor 1996; Vézina 
et al. 2006). Increases in avian body mass over the winter period are often ascribed to 
increases in organ mass and enlarged pectoral muscles which support shivering 
thermogenesis (Vézina et al. 2011). Avian species alter phenotypes seasonally as a 
mechanism of improved thermogenic capacity and cold endurance (Liknes & Swanson 2011; 
Vézina et al. 2011). Recent studies demonstrate how subtropical bird species adjust to mild 
winter conditions through down-regulation of their basal metabolism (Maddocks & Geiser 
2000; Lill et al. 2006; Bush et al. 2008b; Doucette & Geiser 2008; Maldonado et al. 2009; 
Smit & McKechnie 2010). Lowering metabolism is often advantageous, resulting in a slower 
pace of life without the need for a high energy diet (Wiersma et al. 2007b). Keeping warm 
during a mild South African winter presumably requires less energy for thermoregulation and 
as such, a reduced need for foraging results in energy conservation (Wiersma et al. 2007b). 
This may be the case for the coastal population whose BMR seems to reflect that of other 
Southern hemisphere bird species. The BMR of the inland bird population however, seems to 
resemble more closely, that of high latitude birds. Previous southern African studies on birds 
exposed to mild winter temperatures in the Southern hemisphere have not revealed such 
trends (Bush et al. 2008b; Smit & McKechnie 2010).  
In the study by Smit & McKechnie (2010), five bird species from the Kalahari, decreased 
winter BMR by as much as 35 % (Fork-tailed Drongo, Dicrurus adsimilis apivorus) when 
experiencing mean daily minimum temperatures in winter of 3.2°C. Minimum temperatures in 
Aliwal North are only six degrees colder than the Kalahari, nevertheless Red Bishops from 
Aliwal North increase their BMR with 30.7% as a response to cold winter temperatures. In 
addition to the direct effects of temperature, indirect effects of climatic conditions on habitat 
and food availability may also drive metabolic differences (McNab 2009). Of utmost 
importance for maintenance of high metabolism for all organisms is the availability of a 
reliable food source (Canterbury 2002). Food resources may not be reliable during the dry 
winter season in the Kalahari Desert for bird species with a diet of mainly arthropods (Smit & 
McKechnie 2010). Indeed, the Aliwal North population of birds appeared to have access to 
generous amounts of food from crop depots in and around neighbouring farms, potentially 
explaining how the birds could sustain high metabolic rates during winter. This is not 
necessarily the case for all birds occurring in such climatic regions of the country. Small 
scale migration has been observed in Southern Red Bishops previously (Graham Russell 
pers.comm.) and could be a result of unreliable winter food sources. It is thought that food 
availability influences the diversity in metabolic rate amongst individuals of a species and it is 
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suggested that future studies should focus on metabolic rates of different populations of a 
single species. 
Cold induced maximum metabolic rate (Msum) represents the capacity of endothermic 
organisms for resting thermogenic heat production (Swanson et al. 1996). Msum limits 
thermogenic performance in birds and elevated Msum levels demonstrate increased 
thermogenic endurance (Swanson & Garland 2009). An increased cold tolerance is 
correlated with increased shivering, and therefore it is expected that birds with a higher body 
mass (large pectoral muscle) in winter have higher Msum (Swanson 2001). Both coastal and 
inland bishops increased body mass in winter, however no increase in Msum was found in 
winter. The coastal birds had a significant lower Msum in winter compared to summer, 
suggesting a reduced cold tolerance, which was expected when the energy needs for 
thermoregulation during a mild low latitude winter did not exceed summer energy needs for 
thermoregulation. This was in concordance with the cold adaptation hypothesis by Swanson 
& Garland (2009) stating that Msum should be reduced in species wintering in warm climates. 
No seasonal significant difference in Msum was found in the inland population. Although, BMR 
values increased substantially in winter, the inland birds did not show an improved resistance 
to the cold. Inland birds were expected to have increased cold tolerance, however, they did 
not show phenotypic flexibility of Msum. A potential explanation could be the short period of 
cold exposure experienced by the birds. For example, during the time of this study, ambient 
temperatures reached ~-11°C at night but increased to ~+25°C during the day. The birds 
experienced only short periods of cold as opposed to the prolonged cold exposure of 
Northern hemisphere birds. This could suggest that mechanisms to sustain increased BMR 
might be less energy consuming and more favourable in Afrotropical birds than mechanisms 
that sustain elevated Msum (Wiersma et al. 2007a). Dutenhoffer & Swanson (1996) found a 
positive correlation between BMR and Msum, independent of body mass and phylogeny for 
ten different bird species in South Dakota, US. Their data also support the aerobic capacity 
model which states that endothermy evolved as a result of improved aerobic capacity, 
meaning BMR corresponds to sustained activity (in this case thermogenesis at low 
temperatures) (Dutenhoffer & Swanson 1996). The Red Bishops did not support the aerobic 
capacity model, because no positive correlation existed between BMR and Msum values. It is 
often assumed that BMR adjustments correlate to Msum adjustments in terms of direction and 
magnitude, but current data clearly indicated that this assumption is not justified. This 
suggests that besides temperature, other ecological factors change with seasonality, and 
consequently result in unequal responses of BMR and Msum. The BMR reaction norm is 
steeper in the inland birds, whereas the Msum reaction norm is steeper in the coastal birds. 
However, this study does not explore the full extent of the BMR and Msum reaction norm, 
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because it only includes acclimatisation to summer and winter. Furthermore, the data 
collected from the birds across summer and winter season represent only a subset of the 
population and individuals chosen were different between the summer and winter season. 
The pattern of the metabolic acclimatisation of the inland birds is in concordance with the 
Variable Fraction Model (VFM) proposed by Liknes et al. (2002). The model states that 
endurance varies independently from thermogenic capacity, suggesting that the inland birds 
have a high cold tolerance through elevated levels of BMR, without enhancement of Msum 
levels (Liknes et al. 2002).  
The results of this study support the first hypothesis regarding the BMR parameter. 
Individuals from both populations of Southern Red Bishops show a marked seasonal 
difference (flexibility) in mass specific metabolic rates. Additionally, this study demonstrates 
how body mass can change seasonally. The birds in this study increase their body mass as 
a mechanism to cope with cold. Furthermore, the hypothesis that Msum is adjusted seasonally 
is only accepted for the coastal population. Individuals from the inland population did not 
change capacity for thermogenic heat production seasonally. However, these data must be 
interpreted carefully as only one winter season was sampled and more severe winters might 
elicit very different responses than moderate winters. 
In order to draw valid conclusions as to what drives diversity in seasonal metabolic rates and 
what shapes reaction norms, it is suggested that more studies should be undertaken across 
a larger temperature gradient, while comparing populations of Afrotropical bird species both 
in field and under laboratory conditions. In summary, seasonal comparison of the energetics 
of the Southern Red Bishop reveals a tendency to increase body mass as a response to 
decreasing ambient temperatures. Furthermore, availability of energy resources and 
variability of ambient temperatures appear to be influencing factors concerning the plasticity 
of physiological traits. The results of this study emphasise once more the great diversity of 
avian standardised metabolic rates and that findings from a single population cannot be 
applied to predict the effects at a larger scale in a widely distributed species. 
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CHAPTER 3. THE MAGNITUDE OF PHENOTYPIC FLEXIBILITY IN THE 
SOUTHERN RED BISHOP: RESPONSES TO SHORT TERM THERMAL 
ACCLIMATION. 
3.1. Abstract 
Phenotypic flexibility of metabolic rate could serve as a selective advantage whereby 
individuals of a single species have the capacity to change their phenotype. Metabolic 
adjustments are expected to take place as a response to changes in ambient temperature. 
The capacity for metabolic flexibility can be studied through short term thermal acclimation 
experiments. Southern Red Bishops (Euplectes orix) were captured at two locations in the 
Eastern Cape, South Africa. Birds from the two populations originated from habitats with 
different environmental conditions and were therefore expected to have a capacity for 
phenotypic flexibility. Under laboratory conditions, birds were exposed to a series of 
temperatures (10°C, 22°C and 35°C) and oxygen consumption was used as an indirect 
measure of metabolic rate. Body mass (Mb) and summit metabolic rate (Msum) were 
negatively correlated to acclimation air temperature. Acclimation to different air temperatures, 
however, had no significant effect upon the physiological parameter, basal metabolic rate 
(BMR) after a period of 21 days. Adjustment of Mb in response to air temperature appeared 
to be the most effective thermoregulatory mechanism for Red Bishops during short term 
thermal acclimation of 21 days. Since adjustment of Mb is a relatively slow adjustment in 
response to changing air temperatures, it is suggested that adjustment of BMR could serve 
as a potential ‘immediate’ mechanism in response to changes in environmental temperatures 
within the 21 day period. 
Keywords: Phenotypic flexibility, Southern Red Bishop, Euplectes orix, basal metabolic rate, 
summit metabolic rate, thermal acclimation, reaction norm. 
3.2. Introduction 
The physiological performance of birds is dependent on energy availability and utilization, 
which in turn constrains their functioning (Feder 1987). Natural selection and adaptation to a 
specific environment can lead to adjustments in morphological, physiological and behavioural 
traits that determine energy expenditure (Kingsolver & Huey 1998). The process whereby 
variable environments lead to improved fitness within organisms is referred to as phenotypic 
plasticity and it occurs when different phenotypes develop within a single genotype as a 
response to changing environmental factors (Agrawal 2001). Non-reversible alterations are a 
category of phenotypic plasticity, termed developmental plasticity, and arise presumably in 
response to highly variable environmental conditions over short time periods, particularly 
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during the development of an organism (Piersma & Drent 2003). The reversible form of 
phenotypic plasticity is termed phenotypic flexibility and refers to an intra-individual, 
reversible change of the phenotype (Piersma & Drent 2003). Phenotypic flexibility in birds is 
thought to be highly advantageous as adjustments to surroundings will presumably increase 
fitness (Padilla & Adolph 1996; Schlichting & Pigliucci 1998). Trait adjustability in this regard 
is a component of the life history of a species, and as such the extent of intra-individual 
variation potentially elucidates the relationships between phenotype, physiological 
performance and the fitness of a species (Piersma & Drent 2003).  
Birds, like other animals, exhibit considerable metabolic rate diversity. One well studied 
aspect of avian physiology is basal metabolic rate (BMR). BMR has classically been 
investigated as a species-specific single value or measure. More recently, however, birds 
have been shown to be able to alter phenotypic traits (including BMR) in response to 
changing environmental conditions, thereby complicating the single value BMR paradigm. 
Both the lower and upper limits of avian resting metabolic rate, basal and summit metabolic 
rate (Msum) vary widely among species, with much of this variation attributable to body mass, 
phylogenetic inertia, and physiological adaptation (McKechnie & Swanson 2010). However, a 
large component of variation in each of these variables arises from phenotypic flexibility 
(McKechnie 2008). For instance, BMR is known to be rapidly adjusted in response to 
migratory cycles, seasonal acclimatisation and short-term thermal acclimation (Battley et al. 
2001; Maldonado et al. 2009). Less information is available in phenotypic adjustments in 
Msum, the maximum resting metabolic rate achievable during cold exposure (Swanson & 
Garland 2009). Although body mass, temperature and climate are thought to be of influence 
(Wiersma et al. 2007b; Swanson & Garland 2009), the effects of phylogeny, migration, 
captivity and ecological factors on Msum need additional research (McKechnie & Swanson 
2010). 
One key determinant of phenotypic flexibility in avian BMR is short-term thermal acclimation, 
where BMR is adjusted in response to exposure to various air temperatures under laboratory 
conditions. In natural conditions, BMR is negatively correlated to air temperatures and birds 
from cold climates have generally higher BMRs as compared to species from warmer 
climates (Weathers 1979). A similar trend is observed during thermal acclimation studies 
under laboratory conditions, whereby cold acclimation results in birds increasing their BMR 
and hot acclimation has the opposite effect of birds decreasing BMR levels (McKechnie 
2008). Thermal acclimation studies mostly involve acclimation to just two air temperatures 
(Ta) (Williams & Tieleman 2000; Tieleman et al. 2003b; Klaassen et al. 2004; Vézina et al. 
2006; Cavieres & Sabat 2008; Barceló et al. 2009) However, to understand the range of 
phenotypic trait values that can be produced by a species it is essential to investigate BMR 
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responses to a series of three or more air temperatures (Schlichting & Pigliucci 1998; 
McKechnie & Swanson 2010). The shape of the BMR reaction norm with acclimation 
temperature is usually of linear shape and is important for understanding the direction and 
magnitude of the phenotypic trait (McKechnie 2008). Currently, only one study has 
implemented thermal acclimation at three air temperatures and revealed the BMR reaction 
norm of Laughing Doves (McKechnie et al. 2007). It is unknown to what extent reaction 
norms differ between populations from different habitats. 
In contrast to BMR, almost nothing is known about phenotypic flexibility in Msum in response 
to short-term thermal acclimation. As the maximum rate of thermogenic heat production in a 
resting bird (Swanson & Garland 2009), Msum is a key determinant of cold tolerance. 
Whereas numerous studies have examined seasonal variation in Msum in birds acclimatized 
to natural conditions (Dutenhoffer & Swanson 1996; Swanson 2001; Cooper 2002; Liknes et 
al. 2002; Dawson & Olson 2003), only one study, to the best of the author’s knowledge, has 
acclimated birds to a range of temperatures under artificial conditions to examine Msum 
adjustments (Vézina et al. 2006). In this study, Red Knots (Calidris canutus) were acclimated 
to cold (4°C), warm (25°C) and variable (5.1-14.5°C outdoor) environments and showed no 
significant difference in mass-specific Msum after an acclimation period of 18 days. 
A better understanding of the functional linkages between adjustments in BMR and Msum in 
response to short term thermal adjustments is vital for understanding the physiological 
importance of these responses, and for relating the patterns of phenotypic flexibility seen 
during short term acclimation in captive birds to those seen during seasonal acclimatisation 
in wild birds. Smit and McKechnie (2010), for instance, argued that latitudinal variation in the 
direction and magnitude of seasonal BMR adjustments was driven by factors related to cold 
tolerance or energy conservation. This idea assumes that BMR and Msum are indeed 
functionally linked, and thus laboratory studies examining adjustments in both these 
variables in acclimated birds are potentially informative. A second, related question that has 
received little attention is whether metabolic reaction norms vary within species, for instance 
between populations that differ in seasonal exposure to cold conditions. 
In an attempt to address the above questions, this study examined BMR and Msum 
adjustments in response to short term thermal acclimation in individuals from two populations 
of Southern Red Bishop (Euplectes orix). One population inhabited a relatively mild habitat at 
sea-level, whereas the second inhabited a seasonally much colder habitat at higher altitude. 
The aim of this study was to test the shape of the BMR reaction norm, the magnitude and the 
reversibility of two physiological parameters in this widely distributed small, diurnal bird 
species. It was hypothesised that the magnitude of change of BMR and Msum would be higher 
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in the inland population and that the shapes of BMR and Msum reaction norms would differ 
between individuals from the two populations. 
3.3. Materials and methods 
3.3.1 Study areas 
Southern Red Bishops were captured in July 2010 from two different locations in the Eastern 
Cape, South Africa. Adult females, identified by plumage colouration, gape colour, wing 
length, tarsus length and body mass (Craig & Manson 1981), were captured with mist-nets . 
A total of thirty birds were captured from a coastal site in the Kragga Kamma suburb of Port 
Elizabeth, Eastern Cape (33.982S 25.498E, 176 m.a.s.l.), and another thirty birds from an 
inland site in the town of Barkly East (30.977S 27.595E, 1795 m.a.s.l) (Chapter 1). The two 
sites differ substantially in terms of seasonal temperature variation (Table 3.1).  
Table 3.1 Mean minimum and maximum daily temperatures (°C) for summer (January) and winter (July) 
for Port Elizabeth and Barkly East populations of Southern Red Bishops (mean ± SE). The column 'diff' 
represents the difference between minimum and maximum temperatures (South African Weather Service; 
Unpublished Data, 2005-2011). 
 
3.3.2 Experimental design 
The basic design of this experiment has been adapted from the study by McKechnie (2007) 
on short term thermal acclimation in a population of laughing doves (Streptopelia 
senegalensis), but expanded in order to more thoroughly test for the reversibility effect of 
thermal acclimation. Instead of two acclimation treatments as used in the latter study, the 
birds were exposed to three successive acclimation periods, whereby the ambient 
temperature (Ta) of the first acclimation (Tacc1) was equal to the Ta of the third acclimation 
(Tacc3) (Figure 3.1). 
Summer temperatures (°C) Winter temperatures (°C)
min max diff min max diff
Coastal (Port Elizabeth ) 17.4±0.1 25.5±0.3 8.2 8.3±0.2 20.5±0.4 12.2
Inland (Barkly East ) 10.9±0.3 26.3±0.6 15.3 -0.8±0.6 14.7±0.6 15.5
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Figure 3.1 Experimental design of the short term thermal acclimation experiment at three acclimation 
temperatures (Tacc). NB: Tacc1 = Tacc3 and each acclimation group consist of ten coastal and ten inland 
Southern Red Bishops (Euplectes orix). 
Following capture, the birds were placed in an environmental room at 22°C for a period of 
thirty days for the initial acclimation to changes of captivity, food, temperature and light 
cycles as opposed to the natural environment. During the fourth week after arrival in the 
laboratory, resting metabolic rate (RMR) was measured in eight birds from each population, 
three times with five days in between measurements at 32°C to confirm stabilised metabolic 
rates. The birds were individually marked with celluloid colour split rings and divided into 12 
groups of five birds per cage until the end of the experiment. Birds were fed mixed bird seed 
and water ad libitum and maintained on a photoperiod of 12L:12D (photophase = 5h30 to 
17h30). The lower critical limit of thermoneutrality (Tlc) was determined by measuring VO2 
over a ramped Ta profile (10, 15, 20, 25, 28, 30, 32, 35 and 38°C) for a subsample of four 
birds in post-absorptive condition during the inactive phase of their circadian cycle, per 
acclimation Ta, to determine the thermoneutral zone (TNZ). Tlc was determined after the 
initial acclimation period and all acclimation periods thereafter in order to secure 
measurement of BMR within the TNZ at all time during the experiment. This was followed by 
the measurement of BMR and Msum for all individuals (Chapter 1). Unlike the initial 
acclimation period, during acclimation periods 1, 2 and 3 the birds were successively housed 
in environmental rooms with air temperatures of 10°C (10.35 ± 0.25°C), 22°C (21.96 ± 
0.44°C), and 35°C (34.87 ± 0.24°C), for a minimum of 21 days, but with the order of 
exposure to the various acclimation Ta varying among experimental groups (Figure 3.1). The 
experimental design ensured a schedule whereby each group of five birds followed a unique 
acclimation cycle. In total there were six unique acclimation cycles per population (coastal 
and inland) counting up to 12 groups of five birds. 
3.3.3 Data analysis 
All statistical analyses were conducted using the Statsoft (2011) analyses program. Body 
mass, BMR and Msum data per acclimation temperature and per group of origin was tested for 
normality using the Shapiro-Wilk test and homogeneity of variance was assessed using the 
Initial Acclimation 1 Acclimation 2 Acclimation 3
10+10 E. orix 5+5+5+5 E. orix 5+5+5+5 E. orix
30 E. orix (T acc =10°C) (T acc =10°C) (T acc =10°C)
(Coastal climate)
10+10 E. orix 5+5+5+5 E. orix 5+5+5+5 E. orix
30 E. orix (T acc =22°C) (T acc =22°C) (T acc =22°C)
(Inland climate)
10+10 E. orix 5+5+5+5 E. orix 5+5+5+5 E. orix
(T acc =35°C) (T acc =35°C) (T acc =35°C)
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Levene’s test. All significance levels were set at P<0.05. The dependence of whole-animal 
BMR and Msum per acclimation phase upon body mass was assessed by plotting the Mb 
values against temperature and location of origin of the study animal in a least squares linear 
regression model for each of the three acclimations (acclimation 1, 2 and 3) in each of three 
air temperatures (Tacc = 10°C, 22°C and 35°C) of each population (coastal and inland). Due 
to the negative relationship that was detected between whole-animal BMR / Msum and Mb (see 
paragraph 3.4.2) the Mb values were plotted in least squares linear regression models with 
mass-specific BMR and mass specific Msum per temperature, per acclimation phase and per 
location. These results consisted of 18 data sets of linear regression models per 
physiological parameter (BMR/Msum), comprising data on Red Bishops of two locations times 
3 acclimations times 3 air temperatures. The relationship between Mb and BMR was found to 
be significant in only one of the 18 data sets and Mb and Msum was significant in three of the 
18 data sets and therefore mass-specific BMR and Msum were considered to be independent 
of Mb. Further analyses therefore only included mass-specific BMR and Msum values. 
The experimental design did not allow for a single analysis of all the data because there were 
three non-independent acclimation groups. Each of these acclimation groups subjected birds 
to three different air temperatures. Per air temperature five birds originated from the coastal 
population and five birds originated from the inland population. Therefore each data set is 
given in six graphs (3 acclimations X 2 locations) per physiological parameter (Mb, BMR and 
Msum). Linear least squares regression models were fitted to the Mb, BMR and Msum data in 
order to detect relationships between physiological data and the air acclimation temperatures 
per acclimation and for each of the locations of origin. Besides relationships, significant 
differences were detected between the physiological data values per groups of ten birds, per 
air temperature and these were identified through post hoc tests (Tukey HSD) (StatSoft 
2011).  
The magnitude of short term thermal acclimation and reversibility of BMR and Msum was 
investigated by calculating the percentage change in BMR and Msum values in relation to 
change in acclimation air temperature between acclimation [1 and 2], [2 and 3] and [1 and 3]. 
Linear least squares regression models were fitted if these were found to be significant. 
Further analyses were done using analysis of variance (ANOVA) to compare the 
physiological parameters within and among groups with different acclimation history or 
different location of origin. In order to identify an effect of acclimation history upon body 
mass, BMR or Msum an analysis of variance was carried out per acclimation temperature, 
between the groups coming from different acclimation temperatures. The effect of the 
location of origin upon the different physiological parameters was investigated by an analysis 
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of variance between the Mb, BMR and Msum values of the coastal and inland Red Bishops 
after acclimation 2 and 3 and each of the three air temperatures.  
3.4. Results 
3.4.1 Body mass 
The body mass (Mb) of the birds was the first parameter that was tested for a relationship 
between acclimation air temperatures (10°C, 22°C or 35°C) and origin of the birds (coastal 
and inland). The mean body mass was pooled for all three acclimations to determine a 
general trend of Mb of the coastal and inland individuals after the acclimation phases of 21 
days at each acclimation temperature (Figure 3.2). Linear least squares regression models 
were fitted through the data points and revealed a significant negative correlation between 
body mass and acclimation temperature for the coastal population (r²  =  0.9804, P<0.01) 
and the inland population (r² = 0.6396, P<0.05). Furthermore, the coastal birds increased 
body mass with 16.5 ± 4.0% at Ta = 10°C and with 10.1 ± 3.6% at Ta = 22°C when compared 
to the birds at Ta = 35°C. The inland birds increased body mass with 7.5 ± 3.0% at Ta = 10°C 
and with 7.8 ± 2.0% at Ta = 22°C when compared to the birds at Ta = 35°C. 
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Figure 3.2  The general response of mean body mass (Mb) data pooled across acclimation 1, 2 and 3 for 
the coastal (r² = 0.9804, P<0.01) and inland (r² = 0.6396, P<0.05) population of Southern Red Bishop 
(Euplectes orix)(n = 60). Error bars represent standard error.  
The significance of Mb in each acclimation phase was tested among each acclimation air 
temperature (10°C, 22°C or 35°C) within each acclimation (1, 2 and 3) and group of origin 
(coastal and inland) (Figure 3.3). Coastal birds responded to the acclimation air temperatures 
by increasing their body mass when air temperatures decreased. A negative correlation was 
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found in acclimation 1 (r² = 0.1590, P<0.05), 2 (r² = 0.1350, P<0.05) and 3 (r² = 0.1631, 
P<0.05) between Mb and Tacc in the coastal population. The inland birds showed the same 
response in acclimation 2 (r² = 0.3532, P<0.01), however in acclimation 1 and 3 linear least 
squares regression models showed no significant relationship between Mb and Tacc. 
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Figure 3.3 Mean body mass per acclimation phase in relation to acclimation temperature at acclimation 
1, 2 and 3, for the coastal population (left panels) and the inland population (right panels) of Southern Red 
Bishops (Euplectes orix). Error bars represent standard error. Regression models represent a linear least 
squares relationship between Mb and Tacc. Lines with asterisk indicate a significant difference between 
acclimation groups (Tukey HSD). 
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3.4.2 Basal metabolic rate 
The analysis of the effect of acclimation air temperature on BMR was complicated by the 
strong and unexpected effect of the former variable on body mass. Thus, for further analysis 
this study examined mass-specific BMR (msBMR). Fitting linear least squares regression 
models to msBMR and Mb data for combination of location of origin (coastal and inland), 
acclimation (acclimation 1, 2 or 3) and acclimation Ta (10°C, 22°C and 3°C) revealed that in 
only one out of 18 data sets (2 locations X 3 acclimations X 3 temperatures) was Mb 
significantly related to msBMR. Thus, for all subsequent analyses msBMR was considered to 
be independent of Mb. 
Although the lower critical limit of thermoneutrality (Tlc) was higher in the coastal population, 
the Tlc values were not significantly different between the coastal (34.4 ± 3.0°C) and the 
inland (31.3 ± 2.2°C) population after the initial 30 day acclimation period (ANOVA, F1,14 = 
1.072, P = 0.318) (Table 3.2). After the initial acclimation, BMR measurements of the coastal 
population were undertaken at 35.0 ± 0.8°C and BMR measurements for the inland 
population at 32.0 ± 0.9°C which was within the TNZ of the birds. The determination of Tlc 
following each acclimation, revealed Tlc values ranging from 31.1 ± 0.9°C to 36.3 ± 2.7°C. 
BMRs of the coastal birds (2.87 ± 0.08 ml O2 g-1h-1) were not significantly different from those 
of the inland birds (2.76 ± 0.09 ml O2 g-1h-1) after the initial 30 day acclimation period at 22°C 
(ANOVA, F1,58 = 0.834, P = 0.365). The acclimation groups are distinguished as the thermal 
gradient they experienced during the acclimation 1, 2 and 3 and are represented by the 
same five individuals per group.  
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Table 3.2 Mean body mass (Mb), lower critical limit of thermoneutrality (Tlc) and mean basal metabolic 
rate (BMR) in the coastal and inland population of Southern Red Bishops (Euplectes orix) acclimated 
across a series of air temperatures (mean ± SE(n)).  
 
 
Initial Acclimation I Acclimation II Acclimation III
[T init→T accI] [T accI→T accII] [T accI→T accII→TaccIII]
Coastal
T acc=10°C
M b (g) 22.0±0.8 (10) 24.5±0.9 (9) [22→10] 25.2±1.3 (5) [10→22→10] 23.7±1.3 (5)
[35→10] 23.7±0.8 (5) [10→35→10] 27.1±1.0 (5)
T lc (°C) 34.4±3.0 (8) 31.7±2.3 (4) [22→10] 35.6±3.5 (4) [10→22→10] 32.6±2.9 (4)
[35→10] 36.1±3.5 (4) [10→35→10] 35.6±1.7 (4)
BMR (ml O2 g-1h-1) 2.965±0.095 (10) 2.174±0.157 (9) [22→10] 2.354±0.091 (5) [10→22→10] 1.852±0.053 (5)
[35→10] 2.232±0.046 (5) [10→35→10] 2.144±0.138 (5)
T acc=22°C
M b (g) 22.5±0.8 (10) 23.1±1.0 (10) [10→22] 23.3±1.4 (5) [22→10→22] 27.5±1.7 (5)
[35→22] 22.9±1.3 (5) [22→35→22] 22.0±1.3 (5)
T lc (°C) 34.4±3.0 (8) 34.4±3.0 (8) [10→22] 34.5±5.2 (4) [22→10→22] 35.9±1.2 (4)
[35→22] 35.5±2.0 (4) [22→35→22] 35.8±1.6 (4)
BMR (ml O2 g-1h-1) 2.953±0.194 (10) 2.878±0.179 (10) [10→22] 2.079±0.123 (5) [22→10→22] 2.039±0.147 (5)
[35→22] 2.112±0.158 (5) [22→35→22] 2.293±0.091 (5)
T acc=35°C
M b (g) 22.5±1.0 (10) 21.4±1.0 (10) [10→35] 23.4±1.1 (5) [35→10→35] 21.8±1.3 (5)
[22→35] 20.5±1.3 (5) [35→22→35] 22.0±1.3 (5)
T lc (°C) 34.4±3.0 (8) 31.1±0.9 (4) [10→35] 36.3±2.7 (4) [35→10→35] 35.8±2.1 (4)
[22→35] 36.1±1.0 (4) [35→22→35] 35.9±2.3 (4)
BMR (ml O2 g-1h-1) 2.706±0.118 (10) 2.042±0.073 (10) [10→35] 1.962±0.147 (5) [35→10→35] 1.813±0.108 (5)
[22→35] 2.416±0.158 (5) [35→22→35] 1.939±0.067 (5)
Inland
T acc=10°C
M b (g) 22.6±0.5 (10) 23.0±0.7 (10) [22→10] 26.6±1.1 (5) [10→22→10] 22.5±0.4 (5)
[35→10] 23.4±1.0 (5) [10→35→10] 22.1±0.2 (5)
T lc (°C) 31.9±2.2 (8) 31.6±2.2 (4) [22→10] 35.5±4.1 (4) [10→22→10] 35.8±1.0 (4)
[35→10] 36.3±1.7 (4) [10→35→10] 35.6±0.9 (4)
BMR (ml O2 g-1h-1) 2.837±0.143 (10) 2.431±0.113 (10) [22→10] 2.533±0.140 (5) [10→22→10] 2.378±0.114 (5)
[35→10] 2.415±0.079 (5) [10→35→10] 2.087±0.164 (5)
T acc=22°C
M b (g) 24.1±0.8 (10) 24.8±0.7 (10) [10→22] 23.1±0.4 (5) [22→10→22] 22.6±1.1 (5)
[35→22] 23.6±0.4 (5) [22→35→22] 22.8±1.1 (5)
T lc (°C) 31.9±2.2 (8) 31.9±2.2 (8) [10→22] 35.9±2.0 (4) [22→10→22] 35.8±1.1 (4)
[35→22] 35.7±2.3 (4) [22→35→22] 35.7±1.4 (4)
BMR (ml O2 g-1h-1) 2.636±0.151 (10) 2.626±0.141 (10) [10→22] 2.673±0.127 (5) [22→10→22] 2.571±0.215 (5)
[35→22] 2.269±0.075 (5) [22→35→22] 2.651±0.133 (5)
T acc=35°C
M b (g) 24.0±0.5 (10) 22.5±0.7 (10) [10→35] 20.5±0.3 (5) [35→10→35] 22.1±1.1 (5)
[22→35] 22.3±1.2 (5) [35→22→35] 22.2±0.4 (5)
T lc (°C) 31.9±2.2 (8) 31.6±1.4 (4) [10→35] 35.8±2.0 (4) [35→10→35] 35.1±1.5 (4)
[22→35] 35.6±1.3 (4) [35→22→35] 35.7±1.9 (4)
BMR (ml O2 g-1h-1) 2.822±0.168 (10) 2.385±0.123 (10) [10→35] 1.794±0.070 (5) [35→10→35] 2.015±0.104 (5)
[22→35] 2.37±0.102 (5) [35→22→35] 2.207±0.119 (5)
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Figure 3.4 Mean basal metabolic rate (BMR) per acclimation group (symbols) in relation to acclimation 
temperature given for acclimation 1, 2 and 3, for the coastal population (left panels) and the inland 
population (right panels) of Southern Red Bishops (Euplectes orix). Error bars represent standard error 
and lines with asterisk indicate a significant difference between acclimation groups (Tukey HSD). 
No linear relationship could be detected between BMR and Tacc when measured at the 
different acclimations in the coastal and inland birds (Figure 3.4). Further ANOVA and post-
hoc analyses revealed a significant difference after acclimation 1 in the coastal birds having 
a higher BMR at Tacc 22°C in regard to birds at Taccs 10°C and 35°C (ANOVA, F2,27 = 10.136, 
P = 0.014). The inland birds showed a similar significant increase in BMR at Tacc 22°C after 
acclimation 3 (ANOVA, F2,26 = 5.002, P = 0.001). 
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Figure 3.5 Adjustments of BMR (ml O2 g-1 h-1) expressed as percentage change in relation to the change 
in acclimation air temperature (Tacc) between the acclimation periods 1, 2 and 3 from the coastal 
population (r² = 0.258, F1,16 =  5.569, P<0.05) and inland population (r² = 0.208, F1,16 =  4.192, P>0.05) of 
Southern Red Bishops (Euplectes orix). 
When data from all birds and acclimation phases were pooled, the magnitude of the 
adjustments in BMR was negatively related to the change in Tacc (Figure 3.5). The linear 
regression model indicated a significant fit for the percentage change in BMR as per change 
in acclimation air temperature in the coastal population (r2 = 0.258, F1,16 =  5.569, P<0.05).  
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Table 3.3 Mean body mass (Mb), mean body temperature (Tb before and after Msum measurement) and 
mean summit metabolic rate (Msum) as determined from the coastal population of Southern Red Bishops 
(Euplectes orix) after acclimation to a series of air temperatures (mean ± SE(n)). 
 
3.4.3 Summit metabolic rate 
The body temperature (Tb) of each individual was measured before and after the Msum 
measurement and was significantly lower in the coastal population (Table 3.3). Tb values 
before the Msum measurements were 40.9 ± 0.2°C in coastal birds and 41.8 ± 0.2°C (ANOVA, 
F1,58 = 11.675, P = 0.001) and after Msum measurements were 37.4 ± 0.3°C in coastal birds 
and 39.2 ± 0.2°C in the inland birds (ANOVA, F1,58 = 21.319, P<0.001). 
 
Initial Acclimation I Acclimation II Acclimation III
[T init→T accI] [T accI→T accII] [T accI→T accII→TaccIII]
Coastal
T acc=10°C
M b (g) 22.9±0.8 (10) 23.7±0.8 (9) [22→10] 24.5±1.1 (5) [10→22→10] 22.0±1.4 (5)
[35→10] 23.0±1.7 (5) [10→35→10] 23.2±0.7 (5)
T b before (°C) 40.9±0.2 (10) 41.4±0.2 (9) [22→10] 41.6±0.2 (5) [10→22→10] 42.8±0.2 (5)
[35→10] 42.2±0.4 (5) [10→35→10] 42.2±0.2 (5)
T b after (°C) 37.8±0.1 (10) 37.6±0.3 (9) [22→10] 38.8±0.2 (5) [10→22→10] 39.6±0.4 (5)
[35→10] 40.6±0.7 (5) [10→35→10] 39.4±0.4 (5)
Msum (ml O2 g
-1h-1) 16.794±0.515 (10) 17.775±0.639 (9) [22→10] 18.082±0.638 (5) [10→22→10] 15.757±0.733 (5)
[35→10] 19.785±1.174 (5) [10→35→10] 17.517±0.267 (5)
T acc=22°C
M b (g) 22.9±0.8 (10) 22.9±0.8 (10) [10→22] 22.6±1.4 (5) [22→10→22] 25.1±1.8 (4)
[35→22] 21.1±1.2 (5) [22→35→22] 20.3±0.8 (5)
T b before (°C) 40.9±0.2 (10) 40.9±0.2 (10) [10→22] 42.2±0.4 (5) [22→10→22] 42.5±0.9 (4)
[35→22] 42.8±0.2 (5) [22→35→22] 42.6±0.4 (5)
T b after (°C) 38.4±0.3 (10) 38.4±0.3 (10) [10→22] 39.2±0.7 (5) [22→10→22] 39.5±0.9 (4)
[35→22] 40.2±0.4 (5) [22→35→22] 39.4±0.8 (5)
Msum (ml O2 g
-1h-1) 16.377±0.528 (10) 16.839±0.552 (10) [10→22] 19.450±0.959 (5) [22→10→22] 16.624±1.625 (4)
[35→22] 17.930±0.581 (5) [22→35→22] 14.177±1.306 (5)
T acc=35°C
M b (g) 23.1±0.9 (10) 20.0±0.8 (10) [10→35] 22.3±0.9 (5) [35→10→35] 20.8±1.2 (5)
[22→35] 20.2±0.9 (5) [35→22→35] 20.8±1.2 (5)
T b before (°C) 41.6±0.2 (10) 40.1±0.2 (10) [10→35] 42.2±0.6 (5) [35→10→35] 42.0±0.5 (5)
[22→35] 41.4±0.4 (5) [35→22→35] 42.4±0.2 (5)
T b after (°C) 39.1±0.3 (10) 36.0±0.6 (10) [10→35] 38.4±0.9 (5) [35→10→35] 38.6±0.9 (5)
[22→35] 37.2±0.4 (5) [35→22→35] 38.2±0.5 (5)
Msum (ml O2 g
-1h-1) 17.174±0.592 (10) 17.027±0.654 (10) [10→35] 15.350±0.515 (5) [35→10→35] 18.262±0.914 (5)
[22→35] 16.487±0.239 (5) [35→22→35] 16.948±0.865 (5)
Chapter 3 
 
 
33 
Table 3.4 Mean body mass (Mb), mean body temperature (Tb before and after Msum measurement) and 
mean summit metabolic rate (Msum) as determined from the inland population of Southern Red Bishops 
(Euplectes orix) after acclimation to a series of air temperatures (mean ± SE(n)). 
 
Initial Acclimation I Acclimation II Acclimation III
[T init→T accI] [T accI→T accII] [T accI→T accII→TaccIII]
Inland
T acc=10°C
M b (g) 22.4±0.4 (10) 22.7±0.6 (10) [22→10] 26.3±0.4 (5) [10→22→10] 21.3±0.4 (5)
[35→10] 23.1±1.0 (5) [10→35→10] 20.0±0.3 (5)
T b before (°C) 41.5±0.2 (10) 41.5±0.2 (10) [22→10] 41.8±0.2 (5) [10→22→10] 43.0±0.3 (5)
[35→10] 43.3±0.3 (5) [10→35→10] 43.0±0.0 (5)
T b after (°C) 38.6±0.3 (10) 37.9±0.3 (10) [22→10] 38.4±0.2 (5) [10→22→10] 39.4±0.4 (5)
[35→10] 41.0±0.6 (5) [10→35→10] 39.4±0.5 (5)
Msum (ml O2 g
-1h-1) 16.572±0.2 (10) 17.635±0.553 (10) [22→10] 17.182±0.706 (5) [10→22→10] 16.250±0.608 (5)
[35→10] 20.078±0.705 (5) [10→35→10] 15.770±0.961 (5)
T acc=22°C
M b (g) 24.6±0.7 (10) 24.6±0.7 (10) [10→22] 22.0±0.4 (5) [22→10→22] 22.1±1.0 (5)
[35→22] 22.6±0.4 (5) [22→35→22] 21.8±1.1 (5)
T b before (°C) 43.1±0.2 (10) 40.9±0.2 (10) [10→22] 42.8±0.2 (5) [22→10→22] 43.2±0.2 (5)
[35→22] 42.4±0.2 (5) [22→35→22] 43.0±0.3 (5)
T b after (°C) 40.1±0.3 (10) 37.8±0.2 (10) [10→22] 40.0±0.4 (5) [22→10→22] 40.0±0.3 (5)
[35→22] 39.4±0.5 (5) [22→35→22] 40.2±0.6 (5)
Msum (ml O2 g
-1h-1) 15.537±0.646 (10) 15.599±0.616 (10) [10→22] 16.740±0.385 (5) [22→10→22] 13.076±0.552 (5)
[35→22] 14.494±0.621 (5) [22→35→22] 16.733±0.274 (5)
T acc=35°C
M b (g) 24.2±0.6 (10) 21.3±0.5 (10) [10→35] 18.5±0.4 (5) [35→10→35] 21.3±0.8 (5)
[22→35] 22.1±1.1 (5) [35→22→35] 21.3±0.3 (5)
T b before (°C) 40.9±0.3 (10) 40.5±0.3 (10) [10→35] 41.8±0.7 (5) [35→10→35] 42.2±0.4 (5)
[22→35] 41.8±0.2 (5) [35→22→35] 42.4±0.6 (5)
T b after (°C) 38.8±0.4 (10) 37.1±0.2 (10) [10→35] 36.8±1.3 (5) [35→10→35] 37.8±0.9 (5)
[22→35] 36.8±0.6 (5) [35→22→35] 36.8±0.2 (5)
Msum (ml O2 g
-1h-1) 16.338±0.303 (10) 15.734±0.662 (10) [10→35] 14.357±0.459 (5) [35→10→35] 19.248±1.061 (5)
[22→35] 15.514±0.713 (5) [35→22→35] 16.616±0.490 (5)
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Figure 3.6 Mean summit metabolic rate per acclimation phase in relation to acclimation temperature 
given for acclimation 1, 2 and 3, for the coastal population (left panels) and the inland population (right 
panels) of Southern Red Bishops (Euplectes orix). Regression models represent a linear least squares 
relationship between Msum and Tacc. Error bars represent standard error and lines with asterisk indicate a 
significant difference between acclimation groups (Tukey HSD). 
A positive linear relationship could be detected between Msum and Tacc after acclimation 3 in 
the inland population (r² = 0.1320, P<0.05) (Figure 3.6). A negative correlation between Msum 
and Tacc was found after acclimation 2 (r² = 0.3243, P<0.01) in the coastal population and 
after acclimation 1 (r² = 0.1344, P<0.05) and 2 (r² = 0.4298, P<0.01) in the inland population. 
Further ANOVA and post-hoc analyses revealed a significant difference in the coastal birds 
after acclimation 2 having a lower Msum at Tacc 35°C in regards to birds at Taccs 10°C or 22°C 
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(ANOVA, F2,27 = 7.214, P = 0.003). The inland birds showed a similar significant increase in 
Msum at Tacc 10°C after acclimation 2 (ANOVA, F2,27 = 13.540, P<0.001). 
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Figure 3.7 Adjustments of Msum (ml O2 g-1 h-1) expressed as percentage change in relation to the change 
in acclimation air temperature (Tacc) of the acclimation periods 1, 2 and 3 from the coastal population (r² = 
0.155, F1,16 =  2.938, P>0.05) and inland population (r² = 0.270, F1,16 =  5.929, P<0.05) of Southern Red 
Bishops (Euplectes orix). 
The magnitude of the adjustments in Msum was negatively related to the change in Tacc 
(Figure 3.7). The linear regression model indicated a significant fit for the percentage change 
in BMR as per change in acclimation air temperature in the inland population (r2 = 0.270, F1,16 
= 5.929, P<0.05). 
3.4.4 Effects of acclimation history 
Following acclimation 1 and 2 periods, the effect of acclimation history was tested for within 
each of the Tacc acclimation groups with the previous Tacc as the independent variable. The 
magnitude of short term thermal acclimation was dependent on thermal history in one 
instance of body mass after acclimation 2 in the coastal population (Table 3.5 & Table 3.6). 
Furthermore, thermal history had an effect on BMR in two out of six instances in the inland 
population and three out of six instances in of Msum. Since the effect of acclimation history 
was limited, the data could be pooled to compare acclimation 2 and 3 data. 
  
Chapter 3 
 
 
36 
Table 3.5 Summary of ANOVA results of body mass (Mb), basal metabolic rate (BMR) and summit 
metabolic rate (Msum) among Southern Red Bishops (Euplectes orix) with different acclimation history 
after acclimation 2. A significant difference is indicated with an asterisk. 
 
 
Table 3.6 Summary of ANOVA results of body mass (Mb), basal metabolic rate (BMR) and summit 
metabolic rate (Msum) among Southern Red Bishops (Euplectes orix) with different acclimation history 
after acclimation 3. A significant difference is indicated with an asterisk. 
 
3.4.5 Effects of location of origin 
Besides a history effect, this study also tested for an effect of origin of the population per 
acclimation phase during acclimation 2 and 3 (Table 3.7). After the second acclimation a 
significant difference was found in one out of six instances for Mb and BMR and two out of six 
cases for Msum. After the third acclimation there was one instance of significance in body 
mass between coastal and inland birds in the 221022 acclimation group and one 
instance of significance of BMR between coastal and inland birds in the 102210 
acclimation group. 
T acc=10°C T acc=22°C T acc=35°C
[22→10] vs [35→10] [10→22] vs [35→22] [10→35] vs [22→35]
F P F P F P
Coastal
M b (g) F 1,8 = 0.903 0.370 F 1,8 = 0.041 0.844 F 1,8 = 2.925 0.126
BMR (ml O2 g-1h-1) F 1,8 = 1.430 0.266 F 1,8 = 0.027 0.873 F 1,8 = 4.422 0.069
Msum (ml O2 g-1h-1) F 1,8 = 1.624 0.238 F 1,8 = 1.837 0.212 F 1,8 = 4.011 0.080
Inland
M b (g) F 1,8 = 4.589 0.065 F 1,8 = 0.727 0.419 F 1,8 = 2.185 0.178
BMR (ml O2 g-1h-1) F 1,8 = 0.537 0.485 F 1,8 = 7.520 0.025 * F 1,8 = 21.603 0.002 **
Msum (ml O2 g-1h-1) F 1,8 = 8.429 0.020 * F 1,8 = 9.454 0.015 * F 1,8 = 1.860 0.210
T acc=10°C T acc=22°C T acc=35°C
[10→22→10] vs [10→35→10] [22→10→22] vs [22→35→22] [35→10→35] vs [35→22→35]
F P F P F P
Coastal
M b (g) F 1,8 = 4.346 0.071 F 1,8 = 6.964 0.030 * F 1,8 = 0.016 0.902
BMR (ml O2 g-1h-1) F 1,8 = 3.905 0.084 F 1,8 = 2.141 0.182 F 1,8 = 0.990 0.349
Msum (ml O2 g-1h-1) F 1,8 = 5.089 0.054 F 1,7 = 1.415 0.273 F 1,8 = 1.091 0.327
Inland
M b (g) F 1,8 = 0.613 0.456 F 1,8 = 0.014 0.910 F 1,8 = 0.009 0.928
BMR (ml O2 g-1h-1) F 1,8 = 2.127 0.183 F 1,8 = 0.101 0.758 F 1,8 = 1.473 0.260
Msum (ml O2 g-1h-1) F 1,8 = 0.178 0.684 F 1,8 = 35.181 0.000 ** F 1,8 = 5.074 0.054
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Table 3.7 Summary of ANOVA results of body mass (Mb), basal metabolic rate (BMR) and summit 
metabolic rate (Msum) among Southern Red Bishops (Euplectes orix) after acclimation 2 and 3 comparing 
birds of coastal and inland origin. A significant difference is indicated with an asterisk.  
 
  
Acclimation 2 coastal vs  inland Acclimation 3 coastal vs  inland
F P F P
T acc=10°C T acc=10°C
[22→10] [10→22→10]
M b (g) F 1,8 = 0.668 0.437 M b (g) F 1,8 = 0.715 0.422
BMR (ml O2 g-1h-1) F 1,8 = 1.141 0.317 BMR (ml O2 g
-1h-1) F 1,8 = 17.543 0.003 **
Msum (ml O2 g-1h-1) F 1,8 = 0.895 0.372 Msum (ml O2 g-1h-1) F 1,8 = 0.267 0.619
[35→10] [10→35→10]
M b (g) F 1,8 = 0.077 0.788 M b (g) F 1,8 = 25.402 0.001
BMR (ml O2 g-1h-1) F 1,8 = 3.974 0.081 BMR (ml O2 g
-1h-1) F 1,8 = 0.072 0.795
Msum (ml O2 g-1h-1) F 1,8 = 0.046 0.836 Msum (ml O2 g-1h-1) F 1,8 = 3.067 0.118
T acc=22°C T acc=22°C
[10→22] [22→10→22]
M b (g) F 1,8 = 0.016 0.902 M b (g) F 1,8 = 6.072 0.039 *
BMR (ml O2 g-1h-1) F 1,8 = 11.353 0.010 * BMR (ml O2 g-1h-1) F 1,8 = 4.157 0.076
Msum (ml O2 g-1h-1) F 1,8 = 6.869 0.031 * Msum (ml O2 g-1h-1) F 1,7 = 5.183 0.057
[35→22] [22→35→22]
M b (g) F 1,8 = 0.245 0.634 M b (g) F 1,8 = 0.242 0.636
BMR (ml O2 g-1h-1) F 1,8 = 0.806 0.395 BMR (ml O2 g
-1h-1) F 1,8 = 4.959 0.057
Msum (ml O2 g-1h-1) F 1,8 = 16.336 0.004 ** Msum (ml O2 g-1h-1) F 1,8 = 3.667 0.092
T acc=35°C T acc=35°C
[10→35] [35→10→35]
M b (g) F 1,8 = 6.207 0.037 * M b (g) F 1,8 = 0.034 0.857
BMR (ml O2 g-1h-1) F 1,8 = 1.063 0.333 BMR (ml O2 g
-1h-1) F 1,8 = 1.830 0.213
Msum (ml O2 g-1h-1) F 1,8 = 2.069 0.188 Msum (ml O2 g-1h-1) F 1,8 = 0.496 0.501
[22→35] [35→22→35]
M b (g) F 1,8 = 1.104 0.324 M b (g) F 1,8 = 0.023 0.883
BMR (ml O2 g-1h-1) F 1,8 = 0.062 0.810 BMR (ml O2 g
-1h-1) F 1,8 = 3.865 0.085
Msum (ml O2 g-1h-1) F 1,8 = 1.674 0.232 Msum (ml O2 g-1h-1) F 1,8 = 0.111 0.747
Chapter 3 
 
 
38 
3.5. Discussion 
This study attempted to reveal the shape of the BMR reaction norm, the magnitude and the 
reversibility in basal and summit metabolic rate in the widely distributed Southern Red 
Bishop. It appeared that Mb, rather than BMR and Msum, was the primary response to short 
term thermal acclimation. A stronger signal was evident for body mass, with the coastal 
population in particular showing a strong negative correlation of body mass with acclimation 
air temperature. There was very little evidence for mass-independent adjustments in BMR in 
this study, with neither population of Red Bishop showing adjustments of BMR as a response 
to acclimation air temperature. The increase of Msum levels was observed to be an important 
mechanism as a response to cold acclimation air temperatures in the inland population and 
to a lesser extent in the coastal population. The magnitude and reversibility of body mass 
adjustments is high in both populations and an increased cold tolerance is observed in the 
inland population. 
The observation that BMR was not significantly increased as a response to cold acclimation 
air temperatures was unexpected, since this appears to be a common response in birds 
during thermal acclimation studies. Only a few studies have investigated avian responses to 
thermal changes in artificial environments. The non-passerine Laughing Doves in the study 
by McKechnie et al. (2007) showed flexibility of BMR to be negatively correlated to 
acclimation air temperature. Likewise, two studies on thermal acclimation of birds from the 
Northern hemisphere (Klaassen et al. 2004; Vézina et al. 2006) confirmed elevated BMR 
levels as a consequence of cold acclimation, although data for these migratory species may 
not be directly comparable to data for non-migratory species. The BMR adjustments in 
response to changes in thermoregulatory demands in these studies were observed to be 
reversible after periods of 21 days. The Southern Red Bishops in this current study did not 
show significant changes in BMR after the 21 day acclimation periods and therefore 
reversibility of BMR is not evident in the individuals examined in this study. Tieleman et al. 
(2003b) compared BMRs of five species of larks from three locations with different aridity 
gradients (the Netherlands, Mahazat as-Sayd and South Africa). They observed how the 
BMR of the birds was negatively correlated with an increase in aridity. This study shows how 
BMR can be flexible as a response to an environmental challenge other than temperature. 
Rock Kestrels (Falco rupicolus) did not change body mass in relation to changes to thermal 
environment (Bush et al. 2008a), but this change may have been unnoticed due to the short 
period of the study (3 weeks). By contrast with other acclimation studies, these Kestrels 
increased resting metabolic rates (RMR) when acclimated to a higher temperature after initial 
winter acclimatisation. The pattern of lowering MRs with decreasing air temperatures has 
been thought to be beneficial in free-ranging birds at subtropical latitudes when food 
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resources are scarce (Smit & McKechnie 2010). As such, the low RMR of Rock Kestrels after 
winter acclimatisation could well be an indication of limited food provision in winter (Bush et 
al. 2008a).  
A positive linear relationship was found for Msum and acclimation air temperature after 
acclimation 3. This finding was unexpected, as it suggests that cold tolerance decreased 
after cold acclimation air temperature. After both acclimation 1 and 3, Msum was significantly 
negatively related to acclimation air temperature. The coastal population also exhibited an 
increase in cold tolerance after acclimation 2. Although the negative relationship of Msum with 
acclimation air temperature was not evident in all acclimations, it is considered that Red 
Bishops have a capacity for cold tolerance, which is most prominent in the inland birds. Few 
studies have investigated the capacity for cold tolerance after short term thermal acclimation 
in birds. One other study by Vézina et al. (2006) examined Msum in three different groups of 
Red Knots (Calidris canutus) after acclimation to temperatures of 4°C and 25°C and found no 
difference in Msum values after having corrected for body mass. This study, however, is not 
completely comparable to this current study as Red Knots are migratory birds and cold 
tolerances measured might have involved pre-migratory fuelling.  
The change in body mass was highly correlated to acclimation air temperature. Changes in 
body mass could be directly related to an adjustment of food intake by the Red Bishops. The 
birds at Tacc 10°C were observed to consume approximately twice as much seeds as the 
birds at Tacc 35°C. The short term thermal acclimation study on larks by Tieleman et al. 
(2003b) observed similar responses of body mass to acclimation air temperature. The birds 
which were acclimated to the cold, consumed more food and this was correlated to increases 
of organ size, an observation similar to a previous study in Hoopoe larks (Alaemon 
alaudipes) (Williams & Tieleman 2000). Hypertrophy of liver, kidney, intestine and stomach 
sustains a peak performance of metabolic rates in challenging environments (Piersma & 
Lindström 1997). Besides organ masses, certain muscle groups in vertebrates are also 
known to change rapidly in size, in particular the pectoralis muscle which is associated with 
increased shivering capacity during cold exposure (Dawson et al. 1992; Bicudo et al. 2001). 
According to O’Connor (1995) the negative correlation of BMR and Mb results from elevated 
metabolism demand of the enlarged organs and is therefore a common observation in 
acclimation and acclimatisation studies. This current study did not record food intake nor did 
it include measurement of body composition. Therefore it cannot be certain whether the body 
mass changes involved are a change in fat composition or a change in the mass of the major 
organs. However, if the increase in body mass of cold-acclimated birds was a result of fat 
gain, mass-specific BMR should have decreased since fat has a lower metabolic intensity 
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(McNab 1988). Inclusion of food intake measurements and body condition scoring is 
recommended for future studies on short term thermal acclimation. 
The magnitude of short term thermal acclimation of Rufous-collared sparrows from central 
Chile was observed to be dependent on the thermal history (Barceló et al. 2009). The 
magnitude of BMR acclimation was only dependent on thermal history in two out of six 
instances in the inland population and therefore it is not suggested that thermal history has 
an effect upon the thermal acclimation variables in Southern Red Bishops. Besides the 
difference in latitude between the coastal and the inland population of Southern Red Bishops 
there was also a difference in altitude of approximately 1620m between Port Elizabeth and 
Barkly East. A study on the effects of altitude on the responses on Amethyst Sunbirds 
(Chalcomitra amethystina) to thermal acclimation in eastern South Africa (Lindsay et al. 
2009) found that BMR was positively correlated to altitude. The Red Bishops however, 
showed no strong signal in differences of Mb, BMR or Msum on the location or altitude of 
origin. Contrary to the Amethyst Sunbirds, the effect of altitude is not evident in the Red 
Bishops and differences in BMRs do not persist post-acclimation.  Furthermore, not many 
studies have focussed on the altitudinal effects on variations in BMR or Msum. The magnitude 
of Msum was highest in the inland Red Bishop population which might indicate selection for 
improved capacity for cold tolerance at higher altitudes where temperatures are lower in 
winter. 
During this experiment the birds were acclimated to a single air temperature per acclimation 
for a period of 21 days. This time period was chosen because other studies on short term 
thermal acclimation chose acclimation periods of a minimum of 21 days, after which birds did 
exhibit adjustments of BMR as a response to thermal acclimation. Huey & Berrigan (1996) 
argue that an acclimation response can last minutes but also months. If the Southern Red 
Bishops have the capacity of flexibility of BMR as a response to changing ambient 
temperatures, it might have happened within the 21 day acclimation period. It is therefore 
suggested that BMR should be measured more frequently during the acclimation period of 
the birds, in order for any changes in BMR as a response to acclimation temperature to be 
detected. 
The findings of this study suggest that avian responses to short term thermal acclimation are 
more diverse than previously thought. The shape of the BMR reaction norm in this study on 
Southern Red Bishops does not reveal a linear relationship between BMR and the range of 
ambient temperatures and therefore no statements can be made about the reaction norm 
and reversibility of BMR. However, the percentage change of BMR and Msum per change in 
ambient temperature reveals a negative relationship which is significant in some instances. 
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This indicates that the magnitude of BMR changes with ambient temperature, but that this 
difference is not significant when analysed per group of five birds. The magnitude of plasticity 
of Msum in response to short term thermal acclimation was higher in the inland population. 
Furthermore, Msum is found to be a reversible trait in the inland Red Bishops.  
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CHAPTER 4. TEMPORAL DYNAMICS OF BASAL METABOLIC RATE DURING 
SHORT TERM THERMAL ACCLIMATION IN THE SOUTHERN RED BISHOP 
4.1. Abstract 
Short term thermal acclimation experiments on birds can reveal the magnitude of metabolic 
responses to changing environments. However, few studies have yet focused on the time 
scales over which birds adjust to changes in their thermal environment. In this study 
Southern Red Bishops (Euplectes orix) from two different populations were acclimated to a 
series of environmental temperatures (10°C, 22°C and 35°C) during which body mass (Mb) 
and basal metabolic rate (BMR) were measured every second day until BMR values 
stabilised. Birds gradually increased Mb in response to cold acclimation and decreased Mb in 
response to warm acclimation. The greatest change in acclimation temperature resulted in 
the most pronounced change in Mb. Coastal and inland birds showed a significant change in 
BMR as early as the second day after exposure to a different acclimation air temperature. 
Peak changes in BMR as a response to the change in acclimation temperature occurred 
within six days and stabilised soon thereafter. Southern Red Bishops respond to 
environmental temperature changes over short time scales by a continuous change in Mb 
and rapid, instant adjustments of BMR. 
Keywords: Phenotypic flexibility, Euplectes orix, basal metabolic rate, temporal dynamics, 
short term thermal acclimation. 
4.2. Introduction 
Responses of small birds to seasonal acclimatisation or thermal acclimation have been 
shown to involve flexibility in the adjustment of body mass and metabolic rate parameters 
(Maddocks & Geiser 1997; Swanson & Weinacht 1997; Broggi et al. 2004; Klaassen et al. 
2004). Flexibility of body mass (Mb) and basal metabolic rate (BMR) has been observed in 
studies on long distance migratory birds (Piersma et al. 1995; Battley et al. 2001; Vézina et 
al. 2007; Jetz et al. 2008) and resident birds at high latitudes (Cooper 2002; Liknes et al. 
2002; Liknes & Swanson 2011). Furthermore this flexibility is also exhibited by resident bird 
species in the tropics and subtropics (Tieleman et al. 2003b; McKechnie et al. 2007; Smit & 
McKechnie 2010). Studies on phenotypic flexibility in the lower latitudes have previously 
focused on the magnitude of the flexibility of metabolic rate detected after a defined period of 
acclimation (Williams & Tieleman 2000; Tieleman et al. 2003b; McKechnie et al. 2007). 
However, no information has been published on the daily adjustment of BMR in avian 
species in response to changes in environmental temperature. An unpublished study by 
Chetty (2006) determined the temporal dynamics of BMR in laughing doves (Streptopelia 
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senegalensis) responding to a ‘cold’ environment at 10°C and a ‘warm’ environment at 35°C. 
Each acclimation group consisting of ten birds was subjected to BMR measurements every 
four to six days during a total study period of 34 days to determine BMR responses to the 
change in acclimation temperature (Chetty 2006). 
Results from Chapter 3 revealed a strong relationship between Mb and acclimation 
temperature, but the trends observed for basal metabolic rates were not significantly altered 
within groups in response to changes in acclimation temperature. It was suggested that birds 
may show plasticity of BMR before the acclimation period of 21 days. Therefore in the 
current study the aim was to investigate the temporal dynamics of flexibility of body mass 
and basal metabolic rate in the Southern Red Bishop (Euplectes orix), as a response to short 
term thermal acclimation in birds from a coastal and an inland population. It was 
hypothesised that the rate of change of body mass and basal metabolic rate would be similar 
in birds from the two populations. 
4.3. Materials and methods 
4.3.1 Experimental design 
Southern Red Bishops were captured at the Kragga Kamma suburb of Port Elizabeth 
(33.982S 25.498E, 176 m.a.s.l.) and at a large dam in the town of Barkly East (30.977S 
27.595E, 1795 m.a.s.l) in the Eastern Cape, South Africa. The sites represented a mild 
coastal climate (Port Elizabeth) and a more variable inland climate (Barkly East) and birds 
from the populations at these sites were expected to be adapted to the local environmental 
conditions. At each site thirty birds were captured in July 2010 and immediately transported 
to the laboratory in Port Elizabeth where they were housed in environmentally controlled 
rooms. The current experiment determined the immediate response of Mb and BMR to 
thermal acclimation and was conducted parallel to the experiment described in chapter 3, as 
such the experimental design remained the same (Figure 3.1). The birds were divided into 12 
groups of five, whereby the coastal and the inland birds were each exposed to six unique 
acclimation cycles. One acclimation cycle consisted of two acclimation air temperatures with 
the air temperature during acclimation 1 being the same as during acclimation 3, but different 
during acclimation 2. The three air temperatures that birds were exposed to during the 
course of this experiment were 10°C (10.35 ± 0.25°C), 22°C (21.96 ± 0.44°C), and 35°C 
(34.87 ± 0.24°C). 
Before each acclimation, the lower critical limit of thermoneutrality (Tlc) was determined by 
measurement of resting metabolic rate (RMR) across a series of nine temperatures (10, 15, 
20, 25, 28, 30, 32, 35 and 38°C) in four birds from every unique acclimation cycle. Tlc was 
expected to adjust as a response to change in acclimation air temperature. However, during 
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each acclimation, oxygen consumption was measured at an air temperature above Tlc and 
therefore measurements took place within the thermoneutral zone (TNZ), representing BMR. 
Mb and BMR was determined in post-absorptive condition, during the inactive phase from 
four individuals from every unique acclimation group. Measurements of Mb and BMR were 
conducted every second day, following the change from Tacc1 to Tacc2 and from Tacc2 to Tacc3 
until there were no significant differences in successive BMR measurements. Metabolism 
was said to be stable when BMR did not change significantly in response to days of 
acclimation, during the period of three consecutive measurements. The methods for Mb and 
BMR measurements in this chapter are the same as the methods described in chapter 1. 
 
Figure 4.1 Experimental design of the short thermal acclimation at Ta = 10°C, Ta = 22°C and Ta = 35°C Mb 
and BMR was measured every second day after the birds changed to a new Tacc. 
The initial acclimation preceded acclimation 1 and during this period all birds were kept at a 
constant temperature of 22°C for 4 weeks. At acclimation 1, one third of the birds were 
moved to 10°C and one third was moved to 35°C. It was unknown at what rate and 
magnitude the birds would adjust BMR as a response to thermal acclimation and therefore 
during this first acclimation Mb and BMR measurements were conducted for a total period of 
22 days. The duration of this acclimation period was chosen as this was the same time 
period which proved sufficient for similar acclimation studies (Williams & Tieleman 2000; 
Tieleman et al. 2003b; McKechnie et al. 2007). 
4.3.2 Data analysis 
Mb and BMR data were tested for normality using the Shapiro-Wilk test and homogeneity of 
variance was assessed using the Levene’s test. Results were considered significant if 
P<0.05. In Chapter 3 a significant relationship between Mb and whole-animal BMR was 
detected and as this experiment obtained data from the same individuals as the experiment 
in chapter 3, all analyses in this study consequently included mass-specific BMR. To test for 
the magnitude of change, BMR during the acclimation period was compared with the 
previous measurement of BMR and rate of change was tested by comparison of BMR with 
the initial BMR value. Stable metabolic rates, characterised by three consecutive BMR 
Initial Acclimation 1 Acclimation 2 Acclimation 3
10+10 E. orix 5+5+5+5 E. orix 5+5+5+5 E. orix
30 E. orix (T acc =10°C) (T acc =10°C) (T acc =10°C)
(Coastal climate)
10+10 E. orix 5+5+5+5 E. orix 5+5+5+5 E. orix
30 E. orix (T acc =22°C) (T acc =22°C) (T acc =22°C)
(Inland climate)
10+10 E. orix 5+5+5+5 E. orix 5+5+5+5 E. orix
(T acc =35°C) (T acc =35°C) (T acc =35°C)
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measurements being significantly indistinguishable, were confirmed by performing a paired, 
two tailed student’s t-test. Analysis of the temporal dynamics of BMR during thermal 
acclimation involved comparison of daily BMR with initial BMR. Repeated measures of 
analysis of variance (RM-ANOVA) were used to test for significant changes in daily BMR 
adjustments. Significant changes between daily BMR values during the acclimation period 
were identified with a post-hoc test (Tukey HSD)(StatSoft 2011). Furthermore, the magnitude 
of daily change in BMR was expressed as a percentage of the initial BMR on day 0 (at the 
previous Tacc) and one-way analysis of variance (ANOVA) was used to test for significant 
differences between the percentage change of daily BMR between the coastal and the inland 
birds.  
4.4. Results 
4.4.1 Body mass 
Body mass was highly flexible and was observed to be adjusted daily as a response to 
thermal acclimation (Figure 4.2). The adjustments of Mb were not of great magnitude and 
were never significantly different from the previous day. A gradual change of Mb was 
observed from the two-day Mb recordings, whereby Mb increased with a decrease in Tacc and 
decreased with an increase in Tacc. The largest magnitude of change of Mb was observed 
with the greatest change in acclimation air temperature. The difference of daily Mb between 
the coastal and the inland birds, apart from one acclimation [10°C22°C], appears to be 
constant to some extent. During the acclimations involving air temperatures 10°C and 35°C 
the coastal birds had a higher Mb and during the acclimations involving air temperatures 
22°C and 35°C the inland birds had a higher Mb. 
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Figure 4.2 Coastal (black symbols) and inland birds (white symbols) responded to the change in 
acclimation temperature by daily adjustments of body mass (Mb)(circles) and basal metabolic rate 
(BMR)(triangles). Symbols marked with an asterisk are significantly different from the preceding 
measurement. Error bars represent standard error (n = 8). 
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4.4.2 Basal metabolic rate 
The first thermal acclimation continued for a period of 22 days, whereby BMR was measured 
every two days from coastal and inland birds acclimating from an initial air temperature of 
22°C to 10°C and to 35°C (Figure 4.3). On the fourth day, the BMR of the inland population 
acclimating to 10°C was 4.039 ± 0.342 ml O2 g-1 h-1. This was a significant 1.54 fold increase 
from the initial BMR (RM-ANOVA F22,70 = 2.184, P<0.01) (Tukey P<0.01). This elevated BMR 
was a rapid response to the change in Tacc. From the sixth day onwards during thermal 
acclimation, BMR of the inland birds was not found to be significantly different from the initial 
BMR. On the sixth day after the change in Tacc, the coastal birds at 35°C responded with a 
0.74 fold decrease in BMR as compared to the initial BMR (RM-ANOVA F22,68 = 4.803, 
P<0.01) (Tukey P = 0.03). The BMR decreased from an initial 2.430 ± 0.120 ml O2 g-1 h-1 to 
1.797 ± 0.098 ml O2 g-1 h-1 and was no more significantly different from the initial BMR from 
the eighth day onwards. On day 0 there was no difference in BMR observed in the coastal 
(2.631 ± 0.122 ml O2 g-1 h-1) and inland population (2.554 ± 0.235 ml O2 g-1 h-1). In the period 
from day 8 to day 22 no more significant changes in BMR were evident in either of the 
populations. On day 22 the BMR of coastal and inland birds at 10°C and 35° averaged 2.355 
± 0.126 ml O2 g-1 h-1 and were not significantly different from the initial BMR values. 
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Figure 4.3 First thermal acclimation period of 22 days, coastal and inland birds moving from 22°C to 
10°C and 35°C. BMR stabilises after 6 days of thermal acclimation. Values significantly different from the 
initial BMR value are indicated with an asterisk. Error bars represent standard error (n = 4). 
During the acclimation from Tacc1 to Tacc2 and from Tacc2 to Tacc3, BMR was measured every 
second day until stable metabolic rates were achieved. BMR was highly variable during 
thermal acclimation and was characterised by daily fluctuations (Figure 4.2). Within six days 
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after the change in Tacc the magnitude of change in daily BMR was greatest. BMR of the 
coastal birds differed significantly from the previous BMR measurement on the fourth and the 
sixth day during the thermal acclimation. After the period of six days BMR did not vary to a 
great extent and showed no more significant change as opposed to the previous day. 
Overall, the BMR of the inland birds appeared to be higher than the BMR of the coastal birds. 
Furthermore, no obvious trends were visible in the changes of BMR as a response to thermal 
acclimation. 
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Figure 4.4 BMR values expressed as a percentage of the initial BMR value measured every two days 
during the acclimation in coastal (●) and inland (○) Southern Red Bishops (Euplectes orix). Within square 
brackets in every graph the initial acclimation temperature is presented followed by the temperature 
which the birds were acclimating towards. Values significantly different from the initial BMR value are 
indicated with an asterisk. Error bars represent standard error (n = 8).  
Significant changes in BMR during the acclimation phases were found in four of the six 
acclimations for the coastal population and three of the six for the inland population (Figure 
4.4). The coastal birds showed a significant change in percentage of initial BMR on the fourth 
day of acclimation [10°C22°C] (RM-ANOVA F14,41 = 4.983, P = 0.001) (Tukey P = 0.01), the 
second day of acclimation [35°C22°C] (RM-ANOVA F14,51 = 7.383, P = 0.000) (Tukey P = 
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0.00)and the second (Tukey P = 0.02) , sixth (Tukey P = 0.02), eighth (Tukey P = 0.02) and 
tenth day (Tukey P = 0.03) of acclimation [22°C35°C] (RM-ANOVA F14,41 = 4.068, P = 
0.002). The inland birds showed a significant decrease in percentage of initial VO2 on all 
days after the change in acclimation temperature indicating that the BMR rate did not 
resemble the value of the initial BMR but did stabilise during the acclimation phase 
[10°C35°C] (RM-ANOVA F14,60 = 11.580, P = 0.000). Furthermore the inland population 
showed a change in BMR on the eighth (Tukey P = 0.02) and twelfth day (Tukey P = 0.02) of 
acclimation [35°C22°C] (RM-ANOVA F14,47 = 3.475, P = 0.004) and the eighth day (Tukey 
P = 0.03) of acclimation [22°C35°C] (RM-ANOVA F14,41 = 2.795, P = 0.018). 
Table 4.1 Mean change of basal metabolic rate (BMR) as a percentage of initial BMR per Tacc during 14 
day acclimation periods (ANOVA). Asterisk represents a significant difference (P<0.05) (n = 8). 
 
The mean rate of change of the BMR during the 14 day acclimation periods was calculated 
as a percentage of the initial basal BMR for comparison of the coastal and the inland 
population (Table 4.1). In only one instance there was a significant difference between the 
coastal and the inland population of the mean rate of change of BMR across the acclimation 
period. At acclimation temperature 35°C both coastal and inland birds coming from 22°C 
show a decrease in BMR, however the response of the coastal birds was significantly 
greater. Coastal Red Bishops show an average decrease of 1.0% BMR daily when being 
moved from 10°C to 35°C and inland birds show a decrease in BMR of 1.7%. On the 
contrary, when the coastal birds were moved from 35°C to 10°C they showed an average 
increase in BMR of 1.3% daily and the inland birds showed an increase of BMR with 0.2% 
daily calculated from the 14 day period. 
Mean%±SE F P
[10°C→22°C]
Coastal 95.96±2.65 F 1,102= 0.782 0.379
Inland 90.89±2.41
[22°C→10°C]
Coastal 96.93±2.52 F 1,137 = 3.186 0.077
Inland 107.73±3.07
[10°C→35°C]
Coastal 83.96±1.63 F 1,134 = 2.233 0.137
Inland 80.49±1.17
[35°C→10°C]
Coastal 105.40±2.40 F 1,138 = 0.058 0.809
Inland 109.81±2.43
[35°C→22°C]
Coastal 111.69±3.79 F 1,112 = 2.544 0.114
Inland 117.65±2.30
[22°C→35°C]
Coastal 80.73±2.44 F 1,159 = 5.539 0.020*
Inland 87.88±1.87
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4.5. Discussion 
This study investigated the rate of change of two physiological parameters, Mb and BMR, in 
response to short term thermal acclimation. The temporal dynamics of the rate of change 
were of special interest, as only few studies have focussed on the daily rate of change of Mb 
and BMR. Mb was observed to gradually change in response to changing air temperatures. 
The daily change in Mb was not significantly different between daily measurements. 
However, a greater change in Tacc resulted in a greater gradual change in Mb. In this study, 
acclimation periods lasted 14 days until steady state metabolism was achieved. Body mass 
was not included as a limiting factor for acclimation period and therefore it was suggested 
that Mb potentially adjusted beyond the acclimation period of 14 days. BMR proved to be a 
highly variable trait and showed the highest magnitude of change within the first six days of 
the acclimation. The change in Tacc resulted in a peak response of BMR which was detected 
within a period of two days. This rapid response differed significantly from the previous 
measurement in some instances and was observed in birds from both populations. 
Previous acclimation studies in birds confirm body mass being highly flexible with changes in 
acclimation temperature (Williams & Tieleman 2000; Tieleman et al. 2003b; Vézina et al. 
2006; McKechnie et al. 2007). Mb was also the most prominent factor responding to seasonal 
acclimatisation and thermal acclimation (chapters 2&3). Although the daily change in Mb was 
not of a great magnitude, a gradual change was observed which resulted in Mb being 
significantly different between day 0 and the end of the acclimation period. A general trend 
was observed whereby Mb increased with a decrease in Tacc and Mb was reduced with an 
increase in Tacc. 
Adjustments of Mb in relation to air temperature have been reported in many studies across 
various time scales of hours and months (Dykstra & Karasov 1992; Lilliendahl 2002). Mass 
gain is often a result of increased fat storage or increases in organ mass (Polo & Bautista 
2006). The results of the changes of Mb of Laughing Doves in the study by Chetty (2006) are 
similar to this study. The Laughing Doves did not show daily significant changes in Mb, but a 
significant increase of Mb was observed in ‘cold’-acclimated (10°C) birds after a period of 34 
± 3 days. In this study, a daily difference in Mb between the coastal and the inland birds was 
observed, however this daily difference was not significantly different. 
The basal metabolic rate varied daily during the thermal acclimation period. This suggested 
that BMR is a flexible trait that is adjusted in response to changes in Tacc. Peak responses of 
BMR were not always significantly changed in comparison to the previous day, however 
when compared to the initial BMR value the rate of change in BMR was highly variable. BMR 
was adjusted significantly within two days after the start of a thermal acclimation by birds 
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from both populations. The magnitude of change in BMR was greatest in the first six days of 
the acclimation period. On the eighth day and thereafter, no more significant changes were 
observed in BMR. 
The results of this study are not comparable to the changes in daily BMR of the Laughing 
doves in the study by Chetty (2006) because these doves were initially acclimated to outdoor 
conditions. The doves decreased BMR by 0.7% of the initial BMR per day during acclimation 
at 10°C and 0.5% of initial BMR during acclimation at 35°C. After the acclimation period of 30 
days, BMR was not significantly different from the initial BMR in both 10°C and 35°C 
acclimated birds. The Red Bishops that moved from Tacc at 35°C to Tacc at 10°C showed a 
daily increase of 1.3% (coastal birds) and 0.2% (inland birds) in BMR as compared to the 
initial BMR, but no daily change was observed after six days of thermal acclimation. 
The rate of change of BMR did not differ significantly in the coastal and the inland birds. In 
one instance of six, the coastal population had a significant greater decrease in BMR than 
the inland population, when compared at 35°C to the BMR at the initial acclimation 
temperature of 22°C. However, this difference was not reflected in the other acclimations and 
although the difference was significant, both populations show a decrease in BMR as a 
response to the increase in acclimation air temperature.  
The results of this study reflect findings from other studies acclimating birds to low and high 
temperatures (Williams & Tieleman 2000; Klaassen et al. 2004; McKechnie et al. 2007). In 
these studies birds were observed to up-regulate basal metabolic rate during low acclimation 
temperatures and down-regulate BMR with high acclimation temperatures after 21 day 
acclimation periods. The Red Bishops show similar responses in the form of instant BMR 
increases in response to low temperature acclimation and instant decreases in response to 
high temperature acclimation. However, these changes are only evident within six days 
acclimation period and do not last for periods longer than two days. 
Chetty (2006) argues how the temporal dynamics of metabolic adjustments to thermal 
acclimation are an interplay of Mb and BMR and several other parameters. Adjustments in 
BMR during short term thermal acclimation occur as a rapid response to changes in Tacc 
within the first days of thermal acclimation and changes in Mb occur as a slow mechanism 
that adjusts gradually over time. Both adjustments in Mb and BMR are a direct effect of the 
demands of thermoregulation (Vézina et al. 2011). The capacity of rapid metabolic 
responses to thermal conditions can potentially explain the ability of certain bird species to 
distribute widely (Chetty 2006) and as such the Southern Red Bishop is included. 
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This study observed how Mb and BMR were adjusted daily and thereby facilitating 
thermoregulation during thermal acclimation. Changes in BMR as a response to changes in 
acclimation temperature can be observed at two days after change in Tacc and possibly even 
within this period in both coastal and inland birds. Adjustments of BMR required an average 
of ten days to stabilise and did not show a significant change after this period. In accordance 
with the hypothesis, this study reveals no difference in the rate of change of BMR between 
the two populations during thermal acclimation. Southern Red Bishops respond to changes 
in air temperature by daily adjustment of Mb and BMR, showing that these physiological traits 
are highly flexible when the birds experience exposure to variable environments. 
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CHAPTER 5. GENERAL CONCLUSION 
Single species with wide geographical distributions inhabit different environments, hence 
there is little chance for individuals with the same phenotype to have the same fitness value 
in all conditions (Tieleman et al. 2003b). Understanding the diversity in avian metabolic rates 
and the rate at which birds use energy will elucidate their physiology, behaviour, ecology and 
evolution (McKechnie & Swanson 2010). To contribute to this understanding, this study 
attempted to reveal the lower and upper limits of the metabolic output of individuals from two 
populations of the Southern Red Bishop (Euplectes orix) in the Eastern Cape, South Africa. 
This study captured birds from two locations representing a coastal population acclimatised 
to a mild climate with minimum temperature changes and an inland population acclimatised 
to a more variable climate with great temperature differences. The two populations were 
expected to respond differently when exposed to various environmental conditions. Body 
mass (Mb), basal metabolic rate (BMR) and summit metabolic rate (Msum) were the 
physiological parameters determined during seasonal acclimatisation and thermal 
acclimation. Adjustments of the physiological parameters in response to changes in 
environmental conditions could reveal if the Red Bishop has the capacity for phenotypic 
plasticity.  
Recent studies on phenotypic flexibility in birds have recognised the importance of Mb 
adjustments with thermogenic capacity improvements (Vézina et al. 2006). Observed 
increases in Mb could be a result of improved feather insulation (Swanson 1991), storage of 
fat reserves (Dawson & Marsh 1986), increases in organ size (Liknes & Swanson 2011) and 
enlargement of the pectoral muscle (Dawson et al. 1992). The Southern Red Bishop 
increased Mb significantly in the winter season as compared to summer. The extent of 
increase differed between populations with the coastal birds increasing Mb by 11.2 ± 2.4% 
whilst the inland birds increased Mb by 21.7 ± 1.7% in winter. During the short term thermal 
acclimation study, Mb was negatively correlated with days after change in acclimation 
temperature. Besides observations of increased food consumption by birds acclimated to low 
temperatures, this study did not include measurement of body condition.  
In Northern latitudes, bird species respond to cold winter temperatures by increasing their 
BMR (Swanson & Garland 2009). Recently, it has been observed that birds from the tropical 
and subtropical lower latitudes decrease their BMR as a response to decreasing 
temperatures (Smit & McKechnie 2010). It is thought that the slow pace of life of the tropical 
birds facilitates the down-regulation of BMR and correlates with an increase in survival 
(Wiersma et al. 2007b). However, in this study it was observed how free-ranging birds from 
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the colder areas in the lower latitudes as well as birds in captivity respond to cold 
temperatures by increasing their BMR. It was suggested that besides increased demands of 
energy for thermoregulation, the unpredictability of a highly variable thermal environment and 
the availability of food resources results in up-regulation of BMR. 
The links between observed seasonal metabolic responses to temperature changes and the 
responses to thermal acclimation of avian species have not yet been explained in previous 
studies, mostly due to the lack of comparative studies (McKechnie & Swanson 2010). The 
comparison that can be made with the results of this study is between the percentage 
change of summer and winter BMR values for the free-ranging study (chapter 2) with the 
percentage change of birds during thermal acclimation from Tacc = 10°C to Tacc = 35°C 
(chapter 3). The free-ranging birds of this current study exhibited a decrease in BMR of 
14.9% in winter, whereas the inland birds increased their BMR in winter with 31.1% 
compared to summer. During the short term thermal acclimation experiments neither the 
coastal birds nor the inland birds showed significant adjustment of BMR after 21 days of 
acclimation to various air temperatures. However, the daily adjustments of BMR in coastal 
and inland Red Bishops confirmed the role of flexibility of BMR as a rapid and instant 
response to thermal acclimation with changes only observed within six days after the change 
in acclimation air temperature. Within six days both populations were observed to reduce 
BMR as a response to an increase in acclimation air temperature and to elevate BMR as a 
response to a decrease in acclimation air temperature. 
The comparison provides a general understanding of how individuals from the two Red 
Bishops populations respond to environments with variable temperatures and how responses 
of acclimatisation to natural environments are different from responses to thermal 
acclimations. The coastal and inland birds clearly adjust in different directions during the 
summer and the winter season, while in the laboratory the coastal and inland birds respond 
to thermal acclimation in a similar way. Smit & McKechnie (2010) argued that observed 
increases in BMR reflect the severity of the cold winter temperatures and that on the other 
hand the decreases in BMR observed in birds from lower latitude mild winters reflect the 
scarcity of food. This study sampled Red Bishops from a coastal location characterised by 
mild winter temperatures. The down-regulation of BMR observed in the coastal population in 
winter could be a consequence of low costs of thermoregulation and additionally it could 
indicate low food availability. The presence of reliable food resources is of great importance 
to bird distributions (Canterbury 2002) and the availability thereof is thought to influence 
survival rates (Dawson et al. 1992).  
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Endurance in organisms is closely linked to maximum oxygen consumption and as such the 
upper limit of oxygen consumption defines the sustainability of performance (Bennett 1991). 
The relationship between Msum and seasonal environmental changes is complex and not fully 
understood yet (McKechnie & Swanson 2010). Msum is closely related to the cold tolerance of 
a species (Wiersma et al. 2007a). Coastal free-ranging Red Bishops showed a down-
regulation of Msum in winter which was correlated to the down-regulation of BMR in winter. 
These findings are consistent with the slow pace of life that is observed in tropical bird 
species. Birds inhabiting locations where temperatures do not change greatly across season 
have not experienced a selection for elevated metabolic rate levels (Wiersma et al. 2007a). 
No seasonal change was observed in summit metabolism in the inland population. It is 
suggested that inland birds have a high cold tolerance through elevated levels of BMR, 
without enhancement of Msum levels which is in concordance with the Variable Fraction Model 
as explained by Liknes et al. (2002). 
The aerobic capacity model, first proposed by Bennett & Ruben (1979), states how the 
increased aerobic capacity evolved as a mechanism to sustain high levels of activity rather 
than maintenance of endothermy. As such, high capacity for cold endurance should therefore 
be correlated with increases in BMR. The methods for measurement of resting (BMR) and 
maximal (Msum) metabolic rates resembled those of Dutenhoffer & Swanson (1996) on small 
passerines in South Dakota, US, but results from this study revealed a different direction and 
magnitude of seasonal BMR and Msum between the coastal and the inland population, while 
their study revealed parallel seasonal changes in BMR and Msum. Southern Red Bishops 
show seasonal adjustments of BMR and Msum and although these are correlated in the birds 
from a coastal mild climate, winter BMR values of inland Red Bishops exceed summer BMR 
values by far, but the cold tolerance remains unchanged. This study is the first to determine 
cold tolerance in an Afrotropical bird species and therefore the results cannot be compared 
with other studies. It is suggested that tropical and sub-tropical bird species have variable 
capacities for cold tolerance which are a function of environmental productivity and 
predictability. 
This current study presented a single view of the adjustments of metabolic rates of 
individuals from two populations of Southern Red Bishop, which must be regarded as a 
snapshot taken from the whole population. Conclusions drawn from the results of this study 
do refer to the individual birds during one summer, one winter and one laboratory study and 
must therefore be interpreted with care. It is recommended that future studies should include 
multiple seasons. It is also of interest to perform similar studies on other Afrotropical bird 
species from multiple locations facing different environmental challenges. Besides 
measurement of BMR and Msum, other physiological parameters such as exercise induced 
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metabolic rate (MMR) and field metabolic rate (FMR) are of interest to further comprehend 
the extend of the metabolic output of a bird species. Also inclusion of food intake, 
measurement body condition and body temperature should reveal interesting facts which will 
aid in understanding the factors influencing avian metabolic rates. 
Flexibility of BMR of Red Bishops is regarded as a rapid, instant physiological adjustment to 
changes in acclimation temperature. In captivity, Southern Red Bishops changed their Mb as 
a response to changes in acclimation temperature over a longer period (>10 days) and 
adjustments of BMR were observed within two to six days after change in Tacc. In free-
ranging Red Bishops Mb, BMR and Msum are flexible traits that are adjusted according to 
season. The adjustments of BMR and Msum in the laboratory environment do not correspond 
to the seasonal metabolic rates and therefore it is thought that these adjustments are not 
triggered by changes in temperature only. Besides the seasonal change in temperature, 
ecological factors such as climate, habitat, water and food availability will also influence 
adjustments of metabolic rate (McNab 2008; McNab 2009). In both natural and experimental 
environments however, basal metabolic rate, summit metabolic rate and also body mass are 
highly flexible traits which are adjusted in response to environmental changes in coastal and 
inland Southern Red Bishops from the Eastern Cape, South Africa. 
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